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ABSTRACT

Probing the Gelation Phenomena in Molecular and Seed-Based Gels

by

Malick Samateh

Advisor: Professor George John

The interest in molecular gels has been gaining momentum as evident from being developed for a
broad spectrum of applications. This impetus stems from several reasons that include: (i) molecular
gels are highly stimuli responsive as they easily respond to thermodynamic changes, disintegrating
into well-defined chemicals/building blocks because of the purely physical (in contrast to
chemically cross-linked) nature of the interactions holding their 3D networks together; (ii) the
sheer abundance of simple small molecules to choose starting materials from and the vast potential
of tunability of the low molecular weight gelators (LMWGs) make the LMWGs and the molecular
gels highly diverse and versatile; and (iii) one fascinating aspect of molecular gels is the
demonstration of how properties and events could be controlled at the molecular level to effect
specific physical and/or chemical properties at the macroscopic level, with one such remarkable
event being self-assembly that eventually give rise to the solid-like properties of the gel. The most
common type of gels is polymeric in nature and usually derived from non-renewable resources
such as petroleum. In contrast, the precursor LMWGs of molecular gels are derived from natural
resources that are readily available, renewable and bio-based, rendering this class of gels with
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desirable features such as being biocompatible, biodegradable, safer and sustainable. However,
most molecular gels have been discovered by serendipity and thus prompting the need to develop
new molecular gels, improve their mode of synthesis and better understand the process of gelation.
In this research, efforts were made to develop LMWGs for molecular gelation in both organic and
aqueous media and to correlate the gelation behavior of certain gel-forming seeds with that of
synthetic gelators.
Sugar alcohols are abundant, renewable and structural diverse, with extensive usage in
commercial products. Conveniently, they have distinct primary hydroxyl groups which could be
regioselectively targeted to afford the LMWGs via biocatalysis - a simple, single-step and GRAS
synthesis. The sugar alcohol-based LMWGs were systematically studied for three different
applications. During each application, hydrophobicity was systematically fine-tuned by varying
fatty acid chain length. The first application was phase-selective gelation for crude oil spill
remediation using mannitol, sorbitol and xylitol-base amphiphiles. Correlation between subtle
structural differences and efficiency of phase-selective gelation was systematically studied. The
second and third applications involved exploring the multifunctionality of oleogels (edible oil
gels). The aim was to uncover LMWGs with potentials to impart additional properties like
aesthetic and low-calorie effect in addition to structuring.
Sucralose is another molecule with intriguing features like being noncaloric,
noncariogenic, extremely sweet and derived from renewable biomass. Various derivatives were
systematically synthesized, characterized and studied for their hydrogelation capability and
efficiency in polar and nonpolar solvents and selected beverages.
Finally, since assimilating inspirations from nature requires studying and understanding
nature, one of our undertakings has been to study the gelation process of gel-forming seeds in order
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to correlate with that of synthetic gelators. Chia and basil seeds spontaneously undergo
hydrogelation, which is concomitant with moisture-retention and proposed health benefits. The
work aimed to elucidate and corroborate the involvement of nanoscale 3D-network. The influence
of several conditions on fiber extrusion were systematically tested before using various
microscopic techniques to establish nanoscale fiber formation.
.
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Chapter 1
INTRODUCTION

1.1

Gels overview
Gels are ubiquitous in nature, with examples ranging from the body of a jellyfish and

bacterial cell wall to the pith of the Aloe vera plant. Higher organisms such as mammals also show
gel-like materials in their body (except few tissues like bones, nails and outer layers of the skin).
These gels are aqueous in nature, comprising mostly protein and polysaccharide matrices. This
ensures mobility of substances with ease, efficiency and effectiveness while maintaining the
structural integrity of the internal environment within the tissue.1,

2

Gels have expedient

applications in a plethora of areas such as in food, cosmetics and drug delivery. In 1926, Dorothy
Jordon Lloyd stated a gel to be a colloid condition that could be easily recognized than defined.3
According to her, a gel must be built from two components: a liquid and a gelling substance, a
solid; a gel must maintain shape without steady state flow under the stress of its own weight.3
Since all colloids are not gels, and vice versa, in 1949 Hermans defined a gel as a coherent colloidal
dispersion with a minimum of two components, both dispersed phase and dispersion medium,
which must extend continuously throughout the system and exhibit mechanical properties of a
solid.4 In 1961, Ferry defined a gel as a substantially diluted system which exhibits no steady state
flow.5 Based on these definitions, a gel behaves like solid although the continuous phase, the major
component, is liquid; in other words, a gel is a “liquid” with solid-like mechanical properties.
A Gel is obtained by the process of gelation which uses a small amount of gelling agent
known as gelator to convert a solvent into the coherent and soft “solid-like” substance, a gel, which

1
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is a two-component, viscoelastic material.6 The gels’ softness and ability to deform while still
being “solid-like” can be contrasted with the dryness and hardness of other materials such as
metals, ceramics and plastics.1 The viscoelastic nature is a consequence of the large pool of solvent
molecules being locked in the interstitial spaces within the very high surface area of the solid 3D
matrix formed by the dispersed phase (gelators).1,

6

Despite gels being broadly divided into

polymeric gels and molecular gels, almost all commercially available gels belong to the polymeric
gel class, which finds uses in materials like soap, shampoo, toothpaste, hair gel, cosmetics, contact
lenses, gel pens,6, 7 and transportable soil slurries via pipes.8 Jell-O and jam (Figure 1.1) are typical
examples of gels and are derived from the natural polymeric gelators collagen and pectin
respectively.

Figure 1.1. Examples of polymeric and molecular gels. (a) Polymeric gels: jello, jam, jellyfish, Aloe vera gel. (b)
Molecular gels: including gel of water (hydrogel), gel of organic solvent (organogel), grease.

Classifications of Gels: Gels can be classified in various ways, e.g. based on the
composition of the 3D network, medium/solvent, source of the starting material or type of

2
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interactions within the 3D network (Figure 1.2).6 A gel is polymeric or molecular gel depending
on whether the 3D network is based on polymerization or self-assembly, respectively. In terms of
medium, a gel can be an organogel, formed from an organic solvent, or hydrogel, formed from
water. Based on source, a gel can be classified into a natural or artificial gel. Lastly, in terms of
interactions within the 3D network, gels are divided into physical or chemical gels; whereas
polymeric gels may be classified into chemically and physically cross-linked gels, all molecular
gels are normally physically cross-linked (Figure 1.2). Gels formed by chemical cross-linking
(strong covalent bond), unlike those formed by physical interaction (weak non-covalent
interactions), cannot be redissolved and are not thermoreversible.6

Figure 1.2. Classification of gels.6
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1.2

Overview of polymeric gelators, low molecular weight gelators (LMWGs) and
amphiphiles

1.2.1. Polymeric gelators
As previously stated, gelators serve as gelling agents required to covert liquids into gels by
entrapping and immobilizing the solvent molecules at macroscopic level.9 They can be either
polymeric (macromolecular) gelators or low molecular weight gelators (LMWGs), with the former
usually having molecular weights greater than 10,000 Daltons and the latter having molecular
weights less than 10,000 Daltons. In order to immobilize the solvent pool, gelators must aggregate
to form a 3D network, which restricts solvent flow in steady-state.10-14 The formation of 3D
network from both polymeric gelator (a) and LMWG (b) is illustrated in Figure 1.3.9-12, 14, 15

Figure 1.3. Illustration of 3D network formation to form a gel by polymer vs LMWG: (a) long polymeric chains
used to form 3D network; and (b) LMWGs undergo self-assembly to form the necessary long fibrous strands, which
then form the 3D network.

Most gelators, esp. those used commercially, belong to the polymers. These gels have been
known for centuries and have applications in various areas such as food, medicine, cosmetics and
materials science.16 The polymers could be naturally or synthetically derived.16 Figure 1.4
highlights some examples of both categories. Gelators of natural origins (mainly polysaccharides
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and proteins) include natural gums, starch, pectin (apple and citrus fruit) and gelatin (hydrolyzed
animal collagen), whereas synthetic-based ones include sodium polyacrylate, polyacrylamide and
polyvinyl chloride (PVC).17-20 Other natural polymers including gums include agar, alginic acid
and sodium alginate (seaweed/algae), gum arabic, guar gum and psyllium seed husks (non-marine
plants) and xanthan gum (bacterial fermentation).

Figure 1.4. Structures of some polymeric gelators: (a) naturally derived polymeric gelators and (b) synthetically
derived polymeric gelators.

Pectin is a complex polysaccharide (heteropolysaccharide) with partially esterified Dgalacturonic acid moieties in a α-(1,4)-chain. It is usually gotten from citrus peels, underneath the
rind, and residue of apples and used in the preparation of semi-solid products like jams. In
comparison, starch is a simple polysaccharide of glucose subunits with α-1,4-glycosidic linkages
(as opposed to β-1,4-glycosidic linkages in cellulose) and is commonly used to improve
consistency and texture in many food items (especially frozen ones) through pasting and gelling.
It comprises amylose, a linear polymer and amylopectin, a branched polymer.17 Agarose is a
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polysaccharide of galactose subunits, a polymer of agarobiose disaccharide (1,3-linked β-Dgalactose and 1,4-linked 3,6-anhydro-α-L-galactose) and found in the cell walls of numerous
seaweeds, e.g. red algae. Agar is used for culturing microbes and also thickening soups, sauces,
ice creams and in jellies, and cosmetics.18 An example of polypeptide gelator is gelatin, which is
denatured collagen,19 usually gotten from the pig/cow skin and bones and fish skin and scales.20
Gelatin is used as gelling or binding agents in many areas such as food, drug and cosmetics. 19, 20
One interesting natural polymeric gelators is mucin, made up of glycoproteins.21, 22 It is found in
humans and vertebrates to form mucus (gel),23 and in other animals to serve as gelling agents.22
The slug’s mucin is stored in an extremely compact form and could swell more than 1000 times
with water and enables the slug to keep water and maintain the moist environment essential for
survival. The slug’s ability to store the highly compact mucin in the body full of water is due to
the high concentration of calcium around the mucin in the body.21 Similarly, mucin is present in
other organisms such the Japanese eight-eyed eels21 and the Chinese swiftlets.21-23 Sodium
polyacrylate and polyacrylamide are superabsorbents, which are capable of forming loosely
crosslinked hydrophilic polymeric 3D networks that can swell, absorb and retain a large volume
of water relative to their weights, resulting in a hydrogel.24, 25 Owing to the water absorbing
characteristics, such acrylic acid and acrylamide super-absorbents have many applications such as
moisture sensors, fire protection materials, hygienic products (e.g. disposable diapers, feminine
napkins and absorbent pads), in agriculture and horticulture (e.g. reducing irrigation water run-off
and improving fertilizer retention in soil), and as drug-delivery systems.26 PVC is polymer of vinyl
chloride subunits. It can form a 3D network in solution that is physically cross-linked and results
in polymeric gels.7, 27
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An interesting group of gelators is whole natural seeds which do not require isolating any
of their components as the whole seed has the inherent predisposition to undergo the process of
gelation in water without any chemical modification. Examples of such seeds are chia (Salvia
hispanica) and basil (Ocimum bacilicum) seeds. Their seeds are covered with polysaccharides,2830

which gel the surrounding water for vital biological advantages such self-propagation, stability

and survival in harsh environmental conditions31-33. The exceptional hydrogelation ability makes
them widely used for applications such as food thickening and emulsification.34 Due to gel
formation, their consumption has been reported to positively impact health conditions such as
obesity and diabetes.34, 35 They are also used in food products such as cereals, bars, culinary herbs,
traditional medicine due to benefits associated to this gelling behavior as well as other nutritional
facts.30, 36, 37
1.2.2. Low molecular weight gelators and mechanism of gelation
As mentioned earlier, unlike polymeric gelator, LMWGs are relatively very small organic
molecules and thus require the ability to self-assemble in solution to form long fibrous structures
to enable gelation. Self-assembly is the spontaneous aggregation of amphiphiles via non-covalent
interactions such as H-bonding, π-π stacking, donor–acceptor interactions, metal coordination,
solvophobic forces (hydrophobic forces for gelators in water) and van der Waals interactions
(Figure 1.5). The LMWGs undergo this process unidirectionally to form higher hierarchical
morphologies such as ribbons and fibers,38 with the hydrophilic head groups pointing outward or
inward depending on whether the medium is aqueous or non-aqueous respectively as illustrated in
the Figure 1.6. The “polymer-like” long strands with high aspect ratio subsequently entangle and
physically cross-link to form a 3D network known as a Self-Assembled Fibrillar Network
(SAFiN).39, 40 The SAFiN ultimately immobilizes the solvent (water or organic solvent) to form
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the gel. A successful molecular gelation is achieved only if the LMWG possesses the right
hydrophilic-lipophilic balance (HLB).41, 42 Due to the non-covalent nature of the forces holding
the gelators together, as an enzyme binding to a substrate, LMWGs43 and the gels6 derived from
them are referred to as supramolecular in the strictest sense.38-40, 43, 44

Figure 1.5. Some weak intermolecular forces during the self-assembly of LMWGs.

Figure 1.6. Depiction of a unidirectional self-assembly of LMWGs to ultimately form molecular gel in both water
and organic solvent.

8

Chapter 1: Introduction

The vast majority of LMWGs are uncovered serendipitously as stated by van Esch since
after their first discovery dating back to more than fifty years ago.45 Since then, several LMWGs
have been discovered or synthesized. However, those capable of gelling water are less common as
water competes for hydrogen-bonding sites and hence the majority of them are associated to
organogelation.45 LMWGs can be categorized based on structure into classes such as urea
derivatives, amino acid derivatives, saccharide derivatives, cholesterol derivatives, and multicomponent gelators.46 According to KaiQiang et al.,46 the cholesterol-based LMWGs have
attracted considerable attention mainly due to the unique structure and biocompatibility of
cholesterol. The skeleton of cholesterol is rigid and flat, enabling self-association directionally via
the relatively strong van der Waals interactions in polar and nonpolar solvents.46 Unlike polymeric
gelators, low molecular weight gelators (LMWGs) belong to a class of organic molecules known
as amphiphiles, whose detailed description is given below.
1.2.3. Amphiphiles
The word amphiphile has the Greek roots “amphi”, meaning “both” and “philos,” meaning
“having affinity for”.8, 47 Therefore, an amphiphile has both water-loving (hydrophilic) and oilloving (lipophilic/hydrophobic) portions, conventionally referred to as the head and tail groups
respectively (Figure 1.5). Examples of amphiphiles include surfactants, soaps/detergents, the lipid
bilayer, emulsifiers like bile acids/salts, and gelators. An amphiphile may be a conventional
amphiphile with one polar head and one nonpolar tail, a bolaamphiphile48 with two polar heads
and one nonpolar middle section, or a gemini surfactant49, 50 with a polar middle section and two
nonpolar tails.8, 47-50
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Figure 1.7.

Representation of conventional amphiphile.

Hierarchical Structures of Amphiphiles in Solution: Amphiphiles have the propensity to
organize in a specific orientation due to their dual nature, which results in the molecules not totally
at ease in a given solvent. Depending on the polarity of the solvent and the thermodynamic
conditions, either the hydrophilic or hydrophobic parts of the molecules tend to reduce contact
with the solvent as much as possible by aggregating together49 via either hydrophiphilic or
hydrophobic interactions, in a bid to minimize the free energy (or maximize entropy) of the
system.47 Thus, in a polar solvent like water, the primary driving force for aggregation is
hydrophobic forces, whereas in nonpolar solvents like organic solvents, the primary driving force
is hydrogen bonding.51 Consequently, in cell membranes, the amphiphilic lipid molecules orient
themselves to form lipid bilayers; in the small intestines, amphiphilic bile acid salts orient
themselves into micelles to form emulsions that aid in fat digestion; and in molecular gels, the
amphiphilic molecules orient to form a continuous 3D matrix that stops the flow of the solvent
molecules at macroscopic level.47, 51, 52 The self-assembly manifested by amphiphiles in solution
is hierarchical in nature. At very low concentrations in polar solvents like water, morphologies
down the hierarchical ladder such as micelles and vesicles may form, which, at higher
concentrations, give way to hierarchical morphologies such as cylinders and lamellae. At even
higher concentrations, hierarchical morphologies such as ribbons, tubes and fibers are formed
(Figure 1.8).52 For analogous concentrations in nonpolar solvents, the reverse of these
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morphologies, for instance reverse micelles and reverse vesicles instead of micelle and vesicle, are
formed.51

Figure 1.8. Selected hierarchical structures of self-assembled amphiphiles in aqueous solution.52

Dependence of Amphiphile Morphology on Packing-Parameter: According to
Israelachvili44 and Weiss,8 the packing parameter, closely related to the molecule’s structure, is
one of the most important parameters that predicts which morphological structure, e.g. a micelle
vs. a lamella, amphiphile aggregates into. The parameter also depends to a lesser extent on other
external conditions such as temperature, pH, molecular concentrations and salinity. Furthermore,
it assumes the molecules to be symmetrical in shape and, hence, is only useful to conceptually
describe the general morphologies of different families of molecules in solution, but not very much
so for specific molecules.8, 44 The packing parameter, p, is expressed as p = v/a0 l, where a0 is the
area of the head group, l the effective length of the hydrophobic chain, and v the volume of the
hydrophobic chains(s).8, 44
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Figure 1.9. Packing parameter of amphiphiles as described in literature.8, 44 (a) packing parameter expression, and
(b) representative packing parameter values and corresponding hierarchical morphologies.

1.3

Molecular gels
Supramolecular gels or simply molecular gels are obtained via the utility of LMWGs8, 52

and could be organogels or hydrogels depending on whether they are formed with organic or
aqueous solvents respectively. They are thermoreversible as they are held together by noncovalent, weak intermolecular interactions.44,

48

As noted by Estroff et al.,52 molecular gel

formation could be better understood by regarding the process as undergoing primary (Å to nm
scale), secondary (nm- to μm scale), and tertiary (μm- to mm scale) structures, in an analogous
fashion as in protein.52 The anisotropic association of the LMWGs into one or two dimensions due
to molecular level recognitions among the LMWGs results in the primary structure. Thus, the first
daunting task involves designing low molecular weight amphiphiles capable of self-recognition
and subsequent assembly into the hierarchical morphologies in organic or aqueous solvents.52 The
secondary structure entails the shape of the aggregates such as micelles, vesicles, fibers, ribbons,
or sheets (section 1.2.2). The observed secondary structure may be: monolayered structures like
micelles, disks/cylindrical micelles and rods; or bilayer structures like vesicles, tubes, lamellae,
and ribbons (Figure 1.8); or simply amorphous or crystalline precipitates. In an aqueous solvent,
secondary structures like micelles that have formed above the CMC may be transformed into
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ellipsoidal micelles at little higher concentrations, and eventually into rod and fibers at even higher
concentrations.52 The tertiary structure of a gel results from the interaction of individual secondary
aggregates to form a SAFiN that is capable of immobilizing the solvent. The transition from
secondary to tertiary structure is governed by the type of interactions that occurs among the fibers,
which include either physical branching, entanglement, or both. Generally, long, thin, flexible
fibers are better than shorter fibers to forming continuous 3D networks that trap the solvent, leading
to gelation.52
1.4

Advantages of molecular gels

1.4.1. Stimuli responsiveness
The 3D network (SAFiN) of molecular gels results from non-covalent self-assembly of
LMWGs, rendering it highly responsive to temperature change. This is referred to as the gel being
thermoreversible53 and is the ability to revert the molecular gel between the “sol” (solution) and
“gel” forms by simple heating and cooling respectively. This is in contrast to polymeric gels which
are usually held together by stronger forces and not as responsive to temperature change.
Molecular gels could also be designed to readily undergo a gel-to-sol transition in response to
changes in other thermodynamic parameters such as light,54 pH55 and chemicals. Murata et al.54
showed the photo-responsiveness of a gel prepared from a gelator consisting of cholesteryl moiety
attached to chromophore (Figure 1.10) in n-butanol. The gels underwent gel-to-sol transition
reversibly upon irradiation with lights of different wavelengths. Irradiation with UV or visible light
induces photoisomerization to the “cis” or “trans” isomer respectively, which in turn led to
transition to the “sol” or the gel form respectively.
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Figure 1.10. A light wavelength responsive molecular gel. The gelator is derived from a cholesteryl unit attached to
a chromophore and its gel switches between the gel and solution forms depending on the wavelength of light shined
on it.54

1.4.2. Biocompatibility and biodegradability
Our growing tendency to use molecules of bio-based raw materials for a wide variety of
products is largely due to the desire to avoid toxicity to the environment and organisms including
us. Such endeavor is realized in opting for naturally occurring molecules like as amino acids,
sugars and fatty acids (rather than petroleum-derived chemicals) as starting materials for LMWGs,
which potentially makes the resulting molecular gels biocompatible. Additionally, the utility of
relatively weak covalent bonds like ester and amide bonds to synthesize LMWGs makes the
resulting molecular gels biocompatible since such weak bonds are quite susceptible to hydrolysis
and other solvolytic process, which facilitate the regeneration of the starting molecules upon
gelator degradation. Hence, as illustrated in Figure 1.11, molecular gels are readily digested or
degraded back to the precursor building blocks or starting raw materials (Figure 1.11b). On the
contrary, polymeric fibers composed of strong carbon-carbon bonds, which makes degradation
difficult and, even in the event of degradation, the degradation products are oligomers of various
sizes instead of the starting monomers (Figure 1.11a).8,

52, 56

The biocompatibility and

biodegradability of molecular gels make them ideal contenders for in vivo applications such as
drug-delivery and products intended for oral use.57
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Figure 1.11. Distinction between polymeric (a) and molecular (b) gels in molecular gastronomy based on
biocompatibility, biodegradability and sustainability.

Furthermore, in edible oil based molecular gels, the merit of using bio-based gelators is
two-fold:

(i)

the

added

bio-based

gelator

is

less

or

non-cytotoxic

due

to

biocompatibility/degradable and (ii) the oil is modified only physically and not chemically, so that
formation of trans fats can be avoided. On the contrary, the current hydrogenation method alters
the chemical properties of the oil and has problems that include being costly and resulting in
saturated and trans-unsaturated oils, which are implicated in health problems like cardiovascular
complications, inflammation, oxidative stress, endothelial dysfunction, increased insulin
resistance, and cancer. 58, 59
1.4.3. Property magnification
One interesting aspect of molecular gelation is that it represents how supramolecular selfassembly is manifested at macroscopic level.55, 60 It is certainly remarkable for self-recognition
events at molecular level to efficiently give rise to a three-dimensional network and a gel. It is
quite fascinating that the resulting macroscopic molecular gel, obtained at very low concentration
of the LMWG relative to the water or organic medium, is pretty robust and self-standing which is
clearly a proper of a solid. Therefore, LMWGs could be targeted at molecular level by
15
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incorporating the desired property or information by virtue of their design. Upon their selfassembly, such property is magnified to give rise to a more conspicuous information at the
macroscopic level in a spectacular way. Hence, by controlling the organization of supramolecular
structures at molecular level, specific physical and/or chemical properties may be expressed at the
macroscopic level.55, 60
1.4.4. Diversity and versatility
There is a vast variety of small organic compounds with a wide range of functional groups
that could be selected as precursors to design and synthesize LMWGs. This implies a huge
potential for highly diverse molecular gels. Over the past decade, there has been a growing
diversity of LMWGs mostly due to accessibility to a wide range of tunable functional materials
for various applications via rational synthesis.60 According to Jung et al.,61 the versatility of gel
functions in both microscopic and macroscopic scale is responsible for the potential commercial
use of molecular gels such as in foods, deodorants, cosmetics, athletic shoes, and chromatography.
The growing interest in these gels is related to the growing feasibility to modify and tailor-make
numerous functionalities at molecular level.62 Additionally, the ability of the SAFIN to be
repeatedly dismantled and reformed by rearranging the LMWGs differently, due to the weak
interactions holding the LMWGs together within the SAFIN, makes molecular gels very
versatile.52, 63
1.5

Biorefinery and sustainability: sugar biomass as LMWG precursors
The biorefinery concept is the conversion of renewable biomass into valuable products,64

in contrast to the petroleum refinery which converts non-renewable fossil fuel into products. The
scarcity and uncertainty of fossil fuel, along with its growing price and non-renewability, has
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propelled the significance of biorefinery. Sustainability is promoted by biorefinery as it is more
feasible to control the availability biomass as opposed to fossil fuel. Biorefinery thus touches an
important tenet of the principles of Green Chemistry. Although biorefinery pertains to both plant
and animal biomass, our group mainly works with sugar-based molecules. Sugars are renewable
and abundant and therefore exploited as raw materials for the synthesis of LMWGs. They can be
classified in several different ways such as reducing sugars vs non-reducing sugars or closed chain
sugars (e.g. trehalose) vs open chain sugars (e.g. mannitol, sorbitol and xylitol) (Figure 1.13).
Trehalose is a non-reducing sugar formed from two glucose molecules and found in a wide variety
of organisms such as cactus, mushrooms and microorganisms. Mannitol is found in almost all
plants especially in celery.65 Sorbitol is derived from glucose reduction.42 The use of these sugars
and glucosides (e.g. raspberry ketone glucoside, esculin) as raw materials could complement or
add value to their derivatives when used as vegetable oil structuring agents.

17

Chapter 1: Introduction

Figure 1.12. Plant-based renewable sources as raw material platform for the synthesis of LMWGs.

1.6

Gras synthesis of LMWGS
Conventional chemical synthesis of sugar esters involves the use of toxic heavy-metal

catalysts or multistep protection/deprotection strategies with acid- or base-catalyzed reactions at
elevated temperatures that require an arduous task due to the multifunctionality of the sugars.
Biocatalysis using an enzyme avoids such multistep synthesis or heavy-metal catalysts and is
highly environmentally benign, simple and regiospecific.10,

66-69

Therefore, biocatalysis is a

greener and GRAS (generally regarded as safe) synthetic methodology and was adopted for the
synthesis of the sugar-based LMWGs in most of the syntheses where it could be applied. Since
most of the reactions were simple esterification/transesterification reactions, lipase is (Novozym
435®, lipase B from Candida antarctica) employed to achieve regioselective acylation of
carbohydrates. The use of enzymes for organic synthesis is further discussed in chapter 2 of this
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thesis. The GRAS synthesis boils down to using the lipase to append a hydrophilic sugar head
group to a lipophilic fatty acyl-tail group (about C2 to C18) from a vinyl ester substrate. Typically,
a mixture of enzymes such as Novozym 435® are added to the precursors under optimal conditions.
At the completion of the reaction, the enzyme and solvent can be recycled. Therefore, the final
sugar-derived LMWG product is rendered inexpensive, nontoxic, and biodegradable owing to the
simplicity of the synthesis and the abundance of sugars.
1.7

Objective and approach of the thesis
Objectives
▪

To explore natural resources for the synthesis of LMWGs

▪

To investigate gelation propensity of bio-derived LMWGs in a variety of solvents.

▪

To systematically study the self-assembly phenomena of LMWGs at molecular
level and network formation in both molecular and seed-based gels at micro level.

Approach to objectives
The foregoing objectives are kept in mind while carrying out the research projects covered
in this thesis. The projects encompass three main areas as detailed as follows. The first area
discusses the use of sugar alcohols (open-chain sugars) to design and synthesize sugar alcoholbased LMWGs for molecular gelation application in hydrophobic medium, which will cover three
different topics in three separate chapters (Chapters 3, 4 and 5). The second area discusses the use
of sucralose (close-chain sugar derivative) to synthesize LMWGs for molecular gelation
application in hydrophilic medium (in Chapter 6). The last area addresses the probing of the
gelation behavior of gel-forming seeds in order to correlate it with that of conventional gelators
(in Chapter 7).
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1.7.1. Sugar alcohols and sugar alcohol-based LMWGs in hydrophobic medium
Sugar alcohols: Sugar alcohols are open-chain sugars and also referred to as polyols that
are gaining prominence. Sugar alcohols differ from regular carbohydrates whereby they lack the
carbonyl groups (aldehyde or ketone groups) as in the latter which are usually aldoses and ketoses.
Examples include mannitol, sorbitol and xylitol. Figure 1.13 shows sugar alcohols in (b) and their
corresponding carbohydrate counterparts in (a). Natural sources of sugar alcohols include most
plants such as fruits and vegetables (e.g. celery) and microbial production.65 They are used
extensively in the food industry due to several auspicious properties that include being less caloric
and noncariogenic; having less glycemic index and high enthalpies of solution; and being void of
reactive carbonyl groups. For instance, mannitol, sorbitol and xylitol are used in sugarless chewing
gum, hard candies, jams and jellies. Other usages include applications in chemical industry,
pharmaceuticals, and personal care, e.g. as sweetener in toothpaste, mouthwash and
vitamin/mineral supplements. Sugar alcohols are normally derived from their corresponding
carbohydrate counterparts by reduction of the carbonyl (aldehyde or ketone) group using metal
catalysts at elevated temperature and pressure to the corresponding primary or secondary hydroxyl
group. For instance, the sugar alcohols mannitol, sorbitol, galactitol and xylitol are derived from
mannose, glucose, galactose and xylose respectively; erythritol is usually produced by
fermentation of glucose in e.g. wheat and corn starch.70 As a more effective mode of producing
sugar alcohols, there has been a surge in using bioengineering to generate microbes capable of
turning the carbohydrates into sugar alcohols. This mode of biosynthesis has been gaining
popularity due to efficiency, benign synthesis, safety of products and less contamination from hash
reaction reagents and solvents.60, 71
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Figure 1.13. Chemical structures of selected sugar alcohols (b) in comparison to their carbohydrate counterparts (a).
The carbonyl groups in the carbohydrates are replaced with alcohol groups in the sugar alcohols.

A key requirement of LMWGs warrants the sugar alcohols to be derivatized into molecules
with distinct polar and non-polar regions. This implies using a synthetic methodology capable of
targeting some and not all hydroxyl groups in the sugar alcohols. Conveniently, sugar alcohols
have two distinct types of hydroxyl groups, primary and secondary hydroxyl groups, and
biocatalysis using lipase enzyme is able to target only the primary hydroxyl groups with high
regiospecificity. Hence, the sugar alcohol-based LMWGs are obtained using renewable and costeffective materials via a simple, single-step, environmentally-benign and GRAS synthesis that
requires no purification.
1. Sugar alcohol-based LMWGs for oil spill remediation: One potential application of
sugar alcohol-based LMWGs is solidification of spilled crude oil on water surfaces, as a means to
separate the crude oil from the aqueous medium. Unlike refined petroleum fractions like diesel,
crude oil is a highly complex mixture of hydrocarbons (over 98 %) and nonhydrocarbons.72 In
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order to study a wide range of crude oils with different compositional complexity, three distinct
crude oils were used: Prudhoe Bay Crude Oil (PBCO), Arabian Light Crude Oil (ALCO) and
South Louisiana Crude Oil (SLCO). The significance of this project lies with: (i) an exclusive
study on crude oil only; (ii) the use of LMWGs derived from biomass via a simple, single-step
biosynthesis. This task is challenging due to the fact that the gelator should not be able to only
effectively thicken (gel) the crude oil, but should be able to do so over a wide range of crudes of
different types and compositions.
2. Sugar alcohol-based LMWGs for aesthetic effect in oleogelation application:
Oleogelation (molecular gelation of edible oils) via molecular gelation has gained prominence in
recent years owing to efforts to mitigate saturated fats and eradicate trans-fats. The interest has
stemmed from an era of health consciousness, underpinned by the recent banning of trans-fat from
our food diets by the Food and Drug Administration (FDA) as of 2018.73 The goal of this work is
not only to produce oleogels (vegetable oil-based gels) but to make them multifunctional, i.e.,
having an additional functionality in addition to being structured resulting in multifunctional
oleogels. Interestingly, two LMWGs M8 and S8 (mannitol and sorbitol dioctanoates, respectively)
are uniquely distinct towards structuring vegetable oils despite the two open chain sugars differing
only at one stereogenic center (C2); while the gel of the S8 has a more appealing translucent
appearance, the gel of M8 is opaque and has a higher mechanical strength. This study develops a
means of adjusting the mechanical robustness and aesthetic appeal of products via studying the
effect of varying the M8/S8 proportions. The results showed that parameters associated with
aesthetic effect (e.g. % light transmittance), gel strength (e.g. rheology) and morphology were
impacted by the ratio of the gelators, which was found to be capable of upregulating: i) the degree
of transparency/aesthetic appearance in cosmetic application; ii) the degree of hardness in food
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application—comparable to the use of partial hydrogenation, employed for decades to control the
degree of hardness. Therefore, this work enables the modulation of a gel’s aesthetic and
organoleptic properties via a simple formulation of stereoisomeric molecular gelators.
3. Sugar alcohol-based LMWGs for non-caloric effect in oleogelation application: On
the basis of numerous interesting properties, erythritol was selected to design and
synthesizeLMWGs for oleogelation application. The self-assembly tendency and mode of
molecular packing of the erythritol-based-LMWGs was probed using single crystal XRD (X-ray
diffraction) analysis. The study on the valerate derivative (E-5) revealed each molecule interacting
with four other molecules via hydrogen bonding that ultimately yields an expanded network to
form fibrils/fibers. A systematic oleogelation study revealed the gelation ability of the three, four
and five-carbon-chain analogues of erythritol (E-3, E-4 and E-5 respectively) in different vegetable
oils. The dependence of oleogelation/self-assembly on structural variations was investigated via
various physicochemical studies like minimum gelation concentration (MGC), gel-to-sol transition
temperature (tg) and rheology studies. This work and results obtained conceptually demonstrated
a means of merging the benefits of erythritol-derived building blocks with that of healthful
vegetable oils, via a benign preparatory method, for the replacement of current trans fats.
1.7.2. Sucralose and sucralose-based LMWGs for hydrogelation application
Sucralose is commercially derived from sucrose and, from a chemical standpoint, differs
from the latter by having three chlorine groups instead of OH groups. Despite the seemingly minor
structural difference, sucralose has several striking features. Some of the factors that have
motivated decision to investigate sucralose as precursor to LMWGs include: (i) It is noncaloric,74,
75

a potential application in controlling diabetes. (ii) It is noncariogenic, ideal for prevention of

tooth decay or dental caries.76-79 (iii) It has a high degree of sweetness, more than 600 times that
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of sucrose.74,

80-82

(iv) It is sustainable and cost-effective, its precursor being renewable and

abundant.
In light of its unique properties and features, sucralose was deemed candidate for
synthesizing LMWG for hydrogelation application in food. A rational molecular design would
involve appending lipophilic alkyl chain to sucralose to afford sucralose-based amphiphiles. In
theory, this could be achieved by employing enzymatic or conventional chemical synthesis.
However, our preliminary study has shown that sucralose, unlike sucrose, is unreactive under
biocatalytic conditions using lipase enzyme, which is consistent with its reported features as
mentioned above. The aim of this work thus was to synthesize the sucralose-based amphiphiles
using conventional chemical synthesis and systematically study their tendency towards
hydrogelation that could potentially be used in food applications.
1.7.3. Probing gelation behavior of gel-forming seeds
Some seeds have natural propensity to spontaneously undergo the process of gelation in
water without the intervention of chemical modification, prompting our scientific curiosity to
probe their mode of gelation. Such seeds include chia (Salvia hispanica) and basil (Ocimum
basilicum). Both chia and basil seeds are covered (coated) with polysaccharides: a tetramer of
glucose, xylose and glucuronic acid in a 1:2:1 ratio, for chia28, and primarily xylose, arabinose,
rhamnose, and galacturonic acid in a 15:9:7:12 ratio, for basil.29, 30 Though the gel/mucilaginous
substance produced by seeds is for their dispersion and to maintain balanced ecosystem,31-33 it
provides nutritional value to humans83,

84

and opportunity for chemists to make value-added

products. This work aims to elucidate and corroborate our hypothesis that the gelling behavior of
such seeds is due to their nanoscale 3D-network formation. The preliminary study revealed the
influence of several conditions like polarity, pH and hydrophilicity/hydrophobicity on fiber
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extrusion from the seeds which leads to gelation. Optical microscopy, both imaging and video,
scanning electron microscope (SEM) and transmission electron microscope (TEM) were
subsequent used to aid the elucidation of the 3D network involvement in the gelation.
1.8
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Chapter 2
ENZYMATIC SYNTHESIS USING LIPASE IN ORGANIC MEDIA
AS A PLATFORM TO GENERATE SUGAR-BASED AMPHIPHILES

2.1

Abstract
Consciousness of the ecosystem, health and economy among other factors has resulted in

efforts to use more environmentally-benign synthetic methods for the generation of organic
molecules such as low molecular weight gelators. Biocatalysis is an important tool to obtain
functional organic molecules, with an added advantage of selectivity (e.g. regio) coupled with the
benefits of a green synthesis strategy. Regio-enzymatic synthesis usually consists of fewer reaction
steps, reduced waste production and improved overall synthetic efficiency both in yields and
regioselectivities compared with classical chemical synthesis. It is quite amazing to consider the
progress made in enzymology from the earlier 1900s to present; the mindset and mode of applying
enzymology has gradually shifted from using enzymes like lipases in strictly aqueous media, to
immiscible solvent systems or emulsions, and currently in neat organic solvents. The initial
mindset was informed by the native environment of enzyme being water and its tendency to
denature once its native conditions are altered. With persistent curiosity, diligent studies and
scientific results, enzymes have not only been proven to function in non-aqueous media but could
even potentially do so with much conformational stability which translates into high enzymatic
activity. However, there are still challenges with non-aqueous enzymology. This chapter is
intended to outline how catalysts work, how structure of an enzyme governs its function as a
catalyst, progresses made to better understand and utilize enzymes especially for synthesis in

31

Chapter 2: Enzymatic synthesis

organic solvents, and some of the challenges facing non-aqueous enzymology and attempts being
made to tackle some of them. The chapter also touches upon the application of lipase-mediated
transesterification/esterification to produce carbohydrate-based esters and some researches being
done to improve/address some of the challenges associated with this area of enzymology.
Nevertheless, documented reports in the literature and results of our experimental work in the
laboratory indicates that lipase catalysis is highly promising in the synthesis of new generation of
molecules such as LMWGs.
2.2

Introduction
The significance of organic synthesis is quite enormous as it is used in our day-to-day

activities to develop a vast variety of chemicals for a wide range of applications such as in clothing,
construction, food and manufacture of complex drugs and pharmaceuticals. This method of
converting one organic molecule into another is becoming increasingly more challenging with an
advent of growing complexity of the target molecules due to the sheer number of functional groups
and stereogenic centers in molecules. In light of this, selectivity (in terms of chemo- regio- and
stereoselectivity), great yield and facile purification are highly desired in chemical synthesis. Thus,
the chemical industry is compelled to consider sustainable development, which is the production
of goods and services in a way “that meets the needs of the present without compromising the
ability of future generations to meet their own needs”(the World Commission on Environment and
Development under the UN).1 As a result, efforts are increasingly being made to make chemistry
‘greener’ by using benign methodologies such as enzymatic biocatalysis in a quest to progressively
emulate the efficiency of nature2 and inculcate the principles of green chemistry by adapting
environmentally friendly processes, reducing waste and utility of hazardous reagents and favoring
less energy intensive processes.2
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This chapter addresses enzymes and their use in biocatalysis to convert sugar-based
molecules into fatty acyl-based amphiphiles. As discussed in chapter 1, the sugar-based
amphiphilic molecules are subsequently used for self-assembly study in both non-aqueous and
aqueous solvents.3-8 Without the intervention of enzymes, conventional chemical synthesis of
sugar-fatty acyl esters will be quite arduous due to needing multi-stepped protection and
deprotection strategies with acid-catalyzed or base-catalyzed reactions9-11 at elevated temperatures
in order to selectively target specific sites of multifunctional sugars. Alternatively, traditional
chemical syntheses of the fatty acyl esters are customarily associated with the use of toxic heavymetal catalysts to achieve selectivity/specificity. Hence, the multifunctionality of carbohydrates
and sugar-based molecules complicates their regioselective acylation.10, 12 The use of enzyme in a
biocatalytic reaction is ideal and preferred for the synthesis of sugar fatty acyl esters because
biocatalysis is vastly regioselective, greener, and circumvents the toxicity of heavy-metal catalysts
while avoiding multiple steps such as protection and deprotection. Therefore, the high
regioselectivity of enzymes in organic solvents (GRAS methodology) can irrefutably ameliorate
low selectivity and improve yields.
The aim here is to discuss the topic of enzyme-based catalysis, essential in fostering a
highly selective process for the synthesis of amphiphilic building blocks. The merits observed
experimentally so far encompass obtaining high synthetic yields that enabled synthesis on the
kilogram scale, entailing very mild conditions (low temperatures of 20 to 50°C and ambient
atmospheric pressure) and being environmentally benign. The scope of this chapter is largely
confined to the applications of lipases in organic solvents for the preparation of sugar-based esters.
The chapter will provide the basis, contrary to initial common belief, of how lipases are quite
robust and highly active catalysts in organic media.
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2.3

Brief overview on enzyme and its effect on reaction
Enzymes are biomolecules, unlike inorganic catalysts, and constitute a class of proteins

that have catalytic function in the bodies of organisms. They catalyze reactions to optimal rates at
conditions associated with the habitat of the organism, e.g. at mild conditions such as the normal
body temperature and pH, with reagents available to the body.13 Thus, enzymes play an extremely
significant role in living organisms wherein they facilitate metabolism, a collective term for all
biochemical reactions (such as digestion, respiration and photosynthesis) within the organism,
which can be categorized into anabolism (synthesis) and catabolism (breaking down). The branch
of biochemistry that deals with enzymes is known as enzymology.14-16 Up to the 1800s, the action
of enzymes in living cells/organisms had been known and was referred to as ferments and observed
in alcoholic fermentations of yeast, digestive processes in animals, and malting of grains that
results in conversion of starch into sugar.13 Although enzyme was discovered by the French
chemist Anselme Payen in 1833, the word enzyme was first used by the German scientist W. Kuhne
in 1878 and the word is a Greek term that means in yeast.13, 17 However, Eduard Buchner submitted
the first paper on studying enzyme action in yeast extracts in 1897.17, 18 Carbonic anhydrase or
carbonate dehydratase is an example of enzyme that is involved in the conversion of carbon
dioxide/water into bicarbonate/proton and vice versa.19 It belongs to a group of enzymes known
as metalloenzyme due to having zinc ion in its active site. The forward reaction
CO2 + H2O → H+ + HCO3- is catalyzed at high CO2 concentration while the reverse is catalyzed
at low CO2 concentration e.g. in blood in the lungs and nephrons of the kidney or in plant cells.
Hence, such enzyme is crucial in keeping the pH of the body and blood around the optimal pH
(e.g. alkaline in pancreatic juices, neutral in saliva and acidic in stomach fluid) as well as in
transporting CO2 from tissues. The remarkable speed with which enzymes catalyze reactions is
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termed as turnover rate or number, which represents the number of substrate molecules converted
to product by a single enzyme molecule per unit time.17 The turnover rate of carbonic anhydrase
is 600,000 mole-product/s/mole-enzyme; for instance, the presence of carbonic anhydrase in the
saliva describes the hasty degassing of carbonated beverages in the mouth.
Despite being responsible for entire metabolic reactions within the body, all enzymes in
nature are divided into just few classes. This categorization is based on the type of reaction the
enzymes catalyse. Table 2.1 enumerates the six classes of enzymes.17, 20

Table 2.1.

Enzyme classification: the main classes of enzymes. 17, 20

EC #
1
2

Enzyme Class
Oxidoreductases
Transferases

Reaction type
Oxidation/Reduction
Transfer of atoms/groups

3

Hydrolases

Hydrolysis/Formation of esters, etc.

4

Lyases

Elimination groups (excluding 3)

5

Isomerases

Isomerization

6

Ligases

Formation/Cleavage of bonds linked to the breakage of a pyrophosphate bond

EC = enzyme classification

Oxidoreductases catalyse the oxidation/reduction of C-H, C-C, and C=C bonds.
Transferases are enzymes that transfer functional groups from one molecule to another. They
catalyse the exchange of groups such as aldehydic, ketonic, acyl, sugar, phosphoryl or methyl
moieties. Hydrolase are enzymes involved in the breakage (hydrolysis) using water/formation of
esters, amides, lactones, lactams, epoxides, nitriles, anhydrides and glycosides. Lyases catalyse the
elimination/addition of small molecules by means not involving water. They catalyse the
addition/elimination of small molecules on C=C, C=N and C=O bonds. Isomerases catalyse the
isomerizations such as racemization and epimerization. Ligases are enzyme that joins two
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molecules together. They catalyse the formation/cleavage of C-O, C-S, C-N and C-C bonds with
concomitant triphosphate cleavage.21
2.4

Active site and substrate specificity of enzymes
An enzyme’s proclivity towards making a chemical reaction that would have been almost

impossible much more feasible is due to having an active site that recognizes a specific substrate
with extremely high specificity. An enzyme could be thought of as a lock that only fits a particular
key where the substrate is the key that activates the function of the enzyme. The substrate binds to
the active site as a result of having the right shape/size and functional groups that make favorable
electrostatic interactions (e.g. van der Waals interactions or hydrogen bonding) with the main
residues found in the active site of the enzyme. There are two models explaining how enzymesubstrate binding occurs, namely: (i) lock-and-key model (Figure 2.1a) propounded by Emil
Fischer in 1894 wherein the enzyme has a rigid active site that the substrate fits in and (ii) inducedfit model (Figure 2.1b) presented by Daniel Koshland in 1958 wherein the active site of the
enzyme alters its shape slightly to fit the substrate, just like a flexible (rather than rigid) glove
molds around and matches the shape of a hand.17 As depicted in the schematic representation in
Figure 2.1, in either model, the specific substrate (S) binds the enzyme (E) to form enzymesubstrate complex (ES) and then the enzyme-product complex (EP). This EP ultimately breaks
apart to form the product (P) and regenerate E which is reused to catalyze the reaction of another
substrate. Unlike the lock-and-key model whereby the shape of the active site remains unaltered,
the induced-fit model involves changes in the shape of the active site which may cause
conformational transformation in the bound substrate (in the ES), weakening the labile bonds and
resulting in the formation of the product (in the EP). The enzymatic reaction entails three main
steps: S → ES, ES → EP and EP → P. The ES → EP step represents the rate determining step
36
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(RDS) and therefore represents the activation energy (G‡cat) of the reaction as shown in Figure
2.2. The feasibility of the enzyme-catalyzed reaction is quantified by the binding energy ((GB),
which is the activation energy difference between the catalyzed and uncatalyzed reactions.

Figure 2.1. Depiction of enzyme-substrate interaction. (a) The lock-and-key model. (b) Induced-fit model: original
shape of active site before binding substrate (i) and after releasing products (iv) is different from the shape while
binding substrate (ii).

Figure 2.2. An illustration of reaction coordinate showing an enzyme-catalyzed versus uncatalyzed reactions. The
activation energy of enzyme-catalyzed reaction is represented by the ES-to-EP step because it is RDS. The difference
between G‡uncat and G‡cat characterizes the energy of binding of substrate and enzyme (GB).20

37

Chapter 2: Enzymatic synthesis

Despite the active site’s key role in the selectivity and overall function of the enzyme by
dictating how the substrate (S) interacts, this portion of the enzyme comprises merely just a tiny
fraction of the overall amino acid residues of the whole enzyme. The remaining amino acid
residues act as a scaffolding, determining the enzyme’s tertiary structure and the active site’s
shape, and help recognize the substrate and stabilize the transition state.13 The interaction of the
active site and the substrate could be non-covalent (physical) or covalent (chemical) in nature. For
instance, a temporary covalent linkage may be involved if the interacting residue of the active site
is nucleophilic as in the case of the hydroxyl group on serine that could attack electrophilic carbon;
or acid-base catalysis may be operating if the key residue of the active site donates or accepts a
proton from a functional group on the substrate to make it more reactive; e.g., lysine. The
effectiveness and efficiency of enzymes do not only lie with the extremely high reaction rate but
also the high specificity, e.g. stereospecificity towards stereoisomers. Moreover, some enzymes
need other substances to function. These substances fall within two categories, namely cofactors
or coenzymes. While cofactors include metal ions (e.g. iron, zinc and magnesium ions), coenzymes
include organic molecules such as vitamins.20
2.5

Enzymatic reaction in organic (non-aqueous) media

2.5.1. Rationalization of non-aqueous enzymology
The metabolic functions of enzymes are usually carried out within the aqueous
environment of living organisms. This observation led to several studies geared towards
understanding whether water is a necessity for enzyme function. In 1974, such a study was carried
out by Kuntz et al.,22 which revealed that an enzyme’s catalytic activity was significantly
dependent on its interaction with water in its vicinity. In 1980, Careri et al.23 demonstrated the
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correlation between amount of water and enzyme activity. Such studies are important because
protein-water interaction is crucial for processes such as protein folding and enzymatic activity,24
and hence establish a fuller insight into the relationship between water and enzyme dynamics. The
study was principally done on anhydrous lysozyme powder while monitoring enzymatic activity
with increasing hydration level. Their study showed a monotonic increase in the enzymatic activity
of the enzyme-water mixture between 0.2 h (g of water per g of protein) and 0.38 h; their study
indicated completion of thermodynamic changes associated with protein hydration (both for the
protein and solvent) at 0.38 h because for the changes in specific heat of the system plateaued out
beyond 0.38 h.22-24
The aqueous nature of the usual environment of enzymes, coupled with experimental
indications derived from the aforementioned studies, logically prompts the proposition that
enzymes will lose their natural structure, and in extension their inherent function, in non-aqueous
medium. This belief, for instance, is evident from assertions made in the literature20 that proteins
undergo denaturation upon exposure to “conditions different from those in the cell” like in
“miscible organic solvents such as alcohol or acetone.” Over the years, the field of nonaqueous
enzymology has burgeoned, leading to studies that are increasingly conducted to investigate the
veracity of this notion.25 Interesting, such endeavors have revealed enzymatic activity in pure
organic solvent which appear to contradict the idea of protein denaturation and lack of enzyme
activity in organic solvents. The aforementioned erroneous belief often stems from studies of
proteins in water-organic mixtures and not in pure organic solvents such as alcohol or acetone; one
constraint is that proteins and solvents utilized in studying denaturation in aqueous and aqueousorganic mixtures are quite different from those used with enzymes suspended in pure organic
solvents, resulting in impossible direct comparisons. This issue is circumvented with recent
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developments in FTIR (Fourier-transform infrared) spectroscopy. This is a preferred method for
quantitative analysis of structure, especially of solids like lyophilized proteins. In 1996, Griebenow
and Klibanov25 published an article titled “On proton denaturation in aqueous-organic mixtures
but not in pure organic solvents.” In this published work, the authors performed a quantitative
study using FTIR spectroscopy on two different enzymes (lysozyme and subtilisin) in water,
water-organic mixtures and pure organic solvents using three different water miscible organic
solvents (acetonitrile, tetrahydrofuran and 1-propanol). Protein structure was assessed across all
solvents systems, i.e., for each solvent that include water, different percentages of water-organic
mixtures and pure organic solvent. The authors found out that, despite showing the tendency to be
denatured in aqueous-organic mixtures, the protein maintained its secondary structure
fundamentally unaltered (more native-like) in the various pure organic solvents, compared to the
water-organic mixtures (e.g., 60% v/v organic solvents). The study noted that the -helix content
of lyophilized proteins did not show any significant change in the anhydrous organic solvents
compared to in the water-organic mixtures (e.g. 60% v/v organic solvent), where it showed a
significant decrease. This was attributed to being kinetically controlled, whereby the protein
conformational mobility is prevented in the anhydrous organic solvent as opposed to in the waterorganic mixture.
2.5.2. Merits and demerits of using enzymes in non-aqueous media
Performing enzymatic reactions in organic solvent systems instead of aqueous systems has
several merits as well as some inherent challenges. Merits that favor conducting enzyme-catalyzed
reactions in organic solvents include: (i) most compounds of interest to organic chemists are
insoluble in water and hence necessitate the use of organic solvents as far as their solubility is
concerned; (ii) water often participates in undesirable side reactions which complicates the
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purification and the ultimate synthetic yield; (iii) thermodynamic equilibria of many processes are
unfavorable in water; (iv) product recovery from aqueous solutions is often difficult because of a
high boiling point of water; and (v) stability of enzymes in organic solvents may be much greater
than in water. The advantages may also include avoidance microbial growth and contamination in
organic solvents. Despite the advantages of using enzymes in non-aqueous media, there are some
challenges as well. These include: the potential inactivation of enzymes in organic solvents;
laborious and costly preparations of the enzymes, especially when chemical modifications are
required; and mass-transfer limitations in the case of heterogeneous/viscous systems.26
2.5.3. Challenges of enzyme inactivation in non-aqueous media
As mentioned in the foregoing, enzymatic activity could be impaired or reduced with
increasing proportion of organic solvent against water in the reaction medium. This could be due
to several reasons that include factors such as: conformational changes; diminished conformational
flexibility and loss of crucial water; and thermodynamic stabilization of the substrate ground
state.26 An enzyme’s conformation (tertiary structure or folding) depends on the nature of its
interactions with water. While the hydrophilic groups interact with water on the outside, the
hydrophobic groups are directed towards the interior hydrophobic core of the enzyme. An optimal
balance between these two sets of interactions results in the right structure of the protein; any
changes in this balance may cause the unfolding. Specifically, a hydrophobic medium could cause
unfolding by interrupting the hydrophobic core of the protein. These changes in structure are
particularly pronounced with polar organic solvents that can infiltrate into the protein core. Using
lyophilized enzymes in organic solvents has been shown to lack this issue.27-29
Conformational flexibility has been correlated with the availability of at least some small
amount of water, referred to as the essential or crucial water, which is in turn fundamental for

41

Chapter 2: Enzymatic synthesis

enzymatic activity and function.29 Hence, enzymatic activity is lower in anhydrous organic solvent
because of limited conformational flexibility, but could however be significantly increased by
addition of water. Furthermore, the reason enzymes fare better in hydrophobic organic solvents
than in hydrophilic ones is mainly due to the former being less capable of stripping the essential
water off the enzyme molecules, and are usually more superior at promoting enzymatic reaction
in anhydrous solvents.29
The driving force for favorable enzymatic reaction largely depends on the energy of
binding of the substrate to the enzyme. The substrate must have less affinity for the solvent and
partition from the solvent onto the enzyme in the active site pocket (i.e. desolvation). For instance,
hydrophobic substrates have less affinity for water (less stable in water) and have more energy
incentive to partition to the hydrophobic active site of the enzyme. Hence, replacing water with
non-aqueous organic solvent stabilizes the ground state energy of the enzyme, resulting in a
decrease of the observed enzymatic activity.26, 29
2.5.4. Organic solvent-tolerant enzymes
Some enzymes can withstand the presence of organic solvents more than others. The latter
is susceptible to denaturation in organic solvents, losing its enzymatic activity, and therefore needs
to be stabilized by protein engineering and various physical and chemical means like
immobilization, modification and entrapment. Enzymes that naturally withstand organic
solvents—without needing any modifications—and show remarkably stability and activity in nonaqueous solvents are referred to as being organic solvent-tolerant. After theorizing that
extracellular enzymes secreted by organic solvent-tolerant microorganisms would be stable in
organic solvents, Ogino’s research group30 were able to vet organic solvent-tolerant
microorganisms that produce lipolytic enzyme were. Subsequently, they then isolated organic-
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solvent-tolerant Pseudomonas aeruginosa, which in turn produced organic solvent-tolerant
lipolytic enzyme. According to the authors, after this first attempt, there has been increasing reports
of several other organic solvent-tolerant enzymes, most being lipolytic and proteolytic enzymes.26,
30

2.5.5. Imparting pH memory and ligand-imprint to an enzyme in organic media
It has been well documented that enzymatic activity in organic media is significantly
enhanced when the enzyme is recovered from an aqueous solution with a pH optimal for the
enzyme’s activity.31 This is referred to as pH memory,26 and believed to be as a result of ionizable
moieties of the enzyme acquiring a certain degree of ionization in the aqueous solution with a
particular pH. This ionization state (and the corresponding enzymatic activity) is maintained in the
solid state and in anhydrous organic solvents.32 For instance, when subtilisin was dissolved in an
aqueous buffer with the enzyme’s optimal pH of 7.8 followed by lyophilization, the
transesterification reaction rate in octane was 75 times greater than that of the non-pH-adjusted
subtilisin.33 Additionally, when porcine pancreatic lipase was recovered in an aqueous solution
with an optimal pH for lipase, its enzymatic activity was found to be greatly enhanced.31
When an enzyme is lyophilized in an aqueous solution containing a ligand like a
competitive inhibitor followed by ligand removal by anhydrous extraction, an imprint of the ligand
is retained in the enzyme in anhydrous organic solvents due to the enzyme’s rigidity in the absence
of water (Figure 2.3). This phenomenon is known as ligand-induced imprinting. Owing to
difference in structures, the catalytic properties of the ligand-imprinted enzyme is different and
remarkably enhanced compared to those of the non-imprinted one.34 For instance, upon being
lyophilized from aqueous solution containing competitive inhibitors followed by extraction of the
ligand with anhydrous organic solvent, not only is subtilisin up to 100 times more active in
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anhydrous solvents than the enzyme lyophilized in the absence of ligands, but it also has distinct
substrate specificity and stability. This ligand-induced enzyme memory is lost once the enzyme is
dissolved again in water.14

Figure 2.3. Depiction of ligand-induced imprinting of the active site of an enzyme. The enzyme molecule is
represented in green and the ligand molecule in blue. (a) The binding of the ligand to the active site of the enzyme in
water induces conformational change that results in an imprint. (b) The new conformation of the active site (the
imprint) is retained after lyophilization and extraction of the ligand with an anhydrous solvent. (c-i) The imprint
(memory) vanishes upon placement of the enzyme in water, where the protein molecules are flexible. (c-ii) The imprint
(memory) remains upon placement in an anhydrous solvent, owing to the rigidity of the enzyme in the solvent.
(Adapted from reference14.)

2.6

Using hydrolytic enzymes in organic media for biosynthesis
Enzyme-catalyzed transesterification in organic media. From mechanistic stand point,

hydrolysis and synthesis (transesterification or esterification) are not significantly different, with
the key distinction between the two mechanistic pathways being the type of nucleophile used.35
Water is used as a nucleophile in hydrolysis whereas a nucleophile other than water (like an
aliphatic alcohol) is used in synthesis.35 This is a crucial concept to bear in mind; in non-aqueous
enzymology water has to be avoided for the synthetic pathway to be followed.35
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To investigate the apparent contradiction to common wisdom that enzymatic processes
occur in nonaqueous solvents, Zaks et al.33 tested two hydrolytic enzymes, subtilisin (Bacillus
subtilis protease) and -chymotrypsin (bovine pancreatic protease), as two model enzymes in wide
range of solvents that included pure organic solvents; this was unlike previous non-aqueous
enzymatic experiments that were conducted as emulsified micropools of water in water immiscible
organic solvents or suspended powder of enzymes in organic solvents. The chosen enzymes have
been well studied in water and are associated with hydrolysis of water-soluble proteins—i.e., they
operate on proteins within the aqueous medium proper as opposed to those on membranes or at
interfaces.33 They endeavored to elucidate basic enzymatic properties associated with non-aqueous
enzymology, which included nature of solvent used, amount of water required for catalysis,
catalytic parameters and conformational stability of enzymes in organic solvents. A preliminary
study was conducted on the solid subtilisin in dry octane with N-acetyl-L-phenylalanine ethyl ester
and propanol. The results revealed the formation of the transesterification product, N-acetyl-Lphenylalanine propyl ester, which increased with time and monitored using gas chromatography.
Without the enzyme, no reaction was detected, indicating the enzyme had activity in octane. Table
2.2 shows the results of the enzymatic activities of the transesterification reaction using subtilisin
and chymotrypsin in 15 different organic solvents, tabulated in the order of decreasing solvent
hydrophobicity. Both enzymes were pH-adjusted (pH 7.8) and ligand-activated prior to the
experiments. The reactions followed the Michaelis-Menten kinetics and kinetic parameters
V/(Km(ester)) for the reactions are tabulated, where V is maximal velocity and Km(ester) Michaelis
constant for each reaction. As the results show, both enzymes displayed an increasing catalytic
activity with increasing hydrophobicity of the organic solvents—the greatest activity was observed
in hexadecane (the most hydrophobic solvent) and no or negligible enzymatic activity in dimethyl
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sulfoxide (the least hydrophobic solvent). However, the results also indicated that, compared to
subtilisin, chymotrypsin exhibited greater activity in the most hydrophobic solvent, which is
indicative of being more sensitive to the hydrophobicity of the solvent and consistent with
chymotrypsin’s less conformational stability. Studies have shown that active site of chymotrypsin
is less flexible in hydrophobic organic solvent (compared to subtilisin), and is affected by presence
of water (about 0.1%) which makes it more loose and mobile and assume the preferred active site
conformation for the binding of the substrate.24 Furthermore, without using the “lubricating” effect
of the addition of water, the enzyme’s activity could be enhanced by tuning it with “imprints”
using ligands; this was showed when comparable enzyme activity results were obtained regardless
of different ligands (N-acetyl-L-phenylalanine propyl ester or inhibitors) being used to bind the
enzymes prior to freezing and lyophilizing. Hence, unlike subtilisin that has greater active site
conformational stability in octane, chymotrypsin’s activity was enhanced by adding tiny amount
of water or lyophilizing with a ligand.33
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Table 2.2. Kinetic parameters of N-acetyl-L-phenylalanine ethyl ester reacting with propanol via catalysis
using subtilisin and chymotrypsin in organic solvents. 33
Solvent*

V/Km(ester)
Subtilisin

Chymotrypsin
min-1 x 106

Hexadecane
Octane

3900
2000

4300
1700

Carbon tetrachloride

340

96

Butyl ether

240

48

Toluene

150

120

tert-Amyl alcohol

2100

38

Ethyl ether

97

48

2-Pentanone

59

12

Pyridine

97

<0.1

Tetrahydrofuran

120

7.2

Acetone

810

0.6

Acetonitrile

150

0.4

Dioxane

9.2

0.2

Dimethylformamide

19

<0.1

*Solvents are listed in the order of decreasing hydrophobicity (increasing hydrophilicity) which is reflected by the
logarithm of the partition coefficient for a given solvent between octanol and water (log P).

Reaction mechanism of lipase (in hydrolysis and synthesis). Whether the reaction
mechanism of the lipase takes the hydrolytic or synthetic pathway depends mainly on whether the
nucleophile used is water or not (Figure 2.4).21,

35

The pathway is hydrolysis or synthesis

depending on whether “R3” of the nucleophile in step 4 is “H” or an alkyl group respectively.35
Besides this key distinction, the pathways are similar. In typical lipase mechanism, the incoming
acyl substrate enters the active site pocket in step 1 and binds through its carbonyl oxygen to the
oxyanion hole, which consists of amides or positively charged residues at the entrance to the active
site and stabilizes the negative charge on the deprotonated oxygen or alkoxide during the
tetrahedral intermediate transition states (step 1 in Figure 2.4) . In step 2, the substrate interacts
with the catalytic triad of the active site pocket—Asp-His-Ser. The three catalytic residues act in
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tandem to facilitate the reaction. For instance, the histidine nitrogen (acting as a base) deprotonates
the serine OH group, whose nucleophilicity is thus enhanced and resulting in its attack on the
electrophilic carbon of the acyl substrate; concurrently, basicity of histidine is also enhanced by
removal of a proton by aspartate. This initial chain of actions by the triad leads to the first
tetrahedral intermediate (T.I.1). In step 3, the reformation of carbonyl groups leads to loss of the
alkoxide leaving group, which is stabilized via protonation by histidine. In step 4, a nucleophile
(e.g. water or alcohol) attacks the electrophilic carbon of the carbonyl group, assisted via
deprotonation by histidine, which results in the second tetrahedral intermediate (Td2). In the final
step (step 5), the reformation of the carbonyl double bond results in an acyl compound and the
regeneration of the free enzyme.
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Figure 2.4. Mechanism of lipase catalysis in hydrolysis or synthesis. [One main difference: R3 of nucleophile in step
4 being H or an alkyl group results in hydrolysis or synthesis respectively]. a) Free lipase with the catalytic triad (AspHis-Ser) to which the acyl substrate binds in step 1. b) Nucleophilic attack by serine on the substrate (acylation) in
step 2, resulting in the first tetrahedral intermediate (T.I.1) (Histidine behaves as a base to deprotonate the serine). c)
Reformation of the carbon−oxygen double bond results in the expulsion of an alcohol and formation of the acyl
enzyme complex (histidine behaves as acid, aiding the loss of leaving group as a neutral species). d) A nucleophile
binds to the acyl enzyme intermediate by attacking the carbonyl carbon, after being deprotonated by histidine, and
results in the second tetrahedral intermediate, T.I.2. e) Reformation of the double bond releases an acyl compound
(diacylation) and regenerates the free lipase enzyme. (Adapted from references21, 35)
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2.7

Using lipase in organic media as transesterification platform for biosynthesis
Lipases are ubiquitous in all living organisms like fungi and bacteria whereupon they

facilitate biological processes by executing hydrolysis or synthesis of ester bonds. They have been
utilized in various hydrolytic and synthetic reactions, with the latter being favored by nonaqueous.36 Currently, there has been a growing trend towards the utility of lipases in organic media
for the biosynthesis of amphiphiles or surfactants due to numerous advantages that include ease of
usage and versatility and increasing number of reported stable lipases in organic solvents. Studies
have shown that hydrophobic solvents that do not strip the essential water from the enzyme
molecules are generally more effective. Moreover, such solvents induce favorable conformational
changes in the enzyme due to their interaction with the hydrophobic residues of the lid of the active
site and therefore making the lid remained in the open conformation.37 To extend the scope of
utility of these enzymes to include hydrophilic organic solvents, efforts have been made to
rationally design lipase to increase their stability in such solvents by studying stable mutants from
previous studies of directed evolution.38 Lipase-mediated synthesis is increasingly becoming an
ideal mode of synthesis to obtain carbohydrate derived esters or surfactants, which are
progressively being considered more sustainable, salubrious, biocompatible and degradable and
environmentally friendly relative to their petrochemical-based counterparts. These biobased esters
are produced from abundant and renewable biomass and have wide utility, e.g. for thickening and
emulsifying purposes, in several food products mainly because of their biodegradability, non-ionic
nature and lack of undesirable taste and odor.39
Thermomyces lanuginosus and Candida antarctica lipase B (CALB) are examples of
lipases. These two are commonly employed for esterification reactions in organic solvents mainly
due to effectiveness and efficiency for synthesis of sugar esters in high yields. Studies have
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established the efficiency of CALB to be independent of the chain length of the fatty acids,
compared to other lipases that may be sensitive to chain length.39 C. antarctica lipases have been
rigorously studied for their activities like esterification in a wide range of organic solvents and
conditions. For instance, Yang et al.40 tested functionally expressed C. antarctica lipase A (CALA)
in several different hydrophobic organic solvents, which demonstrated the effectiveness and
efficiency of this class of enzymes towards biosynthesis. On the contrary, hydrophilic solvents are
not ideal because they strip water from the surface of the enzyme and easily enter its active site,
leading to denaturation or inactivation of an enzyme as a result of conformational changes.38 To
extend the utility of enzymes in hydrophilic solvents by enhancing their stability in such solvents,
studies such as one by Park et al. were executed to rationally engineer the hydrogen bonding
capacity of the enzyme and successfully make them stable in solvents such as methanol.38 The
following will briefly highlight few types of sugars being used as starting material for the biobased
synthesis using lipase.
2.7.1. Synthesis of disaccharide-based esters using lipase
Lipase-based transesterification/esterification reaction using disaccharides has been
studied by several researches.39, 41, 42 Enayati et al.39 worked on the biosynthesis of lactose fatty
acid esters using both free and supported lipases in organic solvents; the starting materials were
lactose, which is mainly found in milk and whey, and a fatty acid (lauric acid, caprylic acid and
palmitic acid). The enzyme used was C. antarctica lipase B (CALB) (Figure 2.5). Although using
fatty acid vinyl esters is a common practice due to the ability to shift equilibrium towards product,
the authors opted to use fatty acids because these are much more cost-effective. To tilt the reaction
towards the sugar ester product, the authors used molecular sieves (4Å) to get rid of the water
byproduct.39
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Figure 2.5. Biosynthesis of sugar esters in organic solvents using lipase enzyme. (Adapted from reference39)

Out of the selected six different organic solvents used for the synthesis of lactose
monolaurate (LML), hexane resulted in the highest yields for both free and immobilized lipase,
77% and 93% respectively within a 12-days period. Coincidentally, the results showed that the
free enzyme had much wider variation in yields across the six solvents used. The higher yield and
relatively constant yields across the solvents for the immobilized enzyme could be attributed to
the fact that it has more stable geometry that is less influenced by the properties of the solvents.
Furthermore, the authors found purification to be much easier owing to immobilization. The
authors used HPLC and FTIR to monitor and confirm the formed lactose fatty acid esters.
Subsequently, hexane was selected as the solvent of choice for the synthesis of the other two
lactose fatty acid esters, lactose monocaprylate (LMC) and lactose monopalmitate (LMP). The
HPLC results for the immobilized CALB in hexanes showed the generation of LML at a faster rate
initially, commencement of an almost plateau around the seventh day and the attainment of
maximal yield of about 93% in 10th day. For all three products (LML, LMC and LMP), the
reactions were nearly complete within 10 days with a ratio of only 25% (by wt.) of enzyme relative
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to the sugar. The reaction involving caprylic acid resulted in some amount of the diester product,
and the reaction involving palmitic acid showed the fastest conversion rate with a yield of about
90% in only two days. It is worth to note that the syntheses entail food-grade reagents, making the
products ideal and safe for food application.39
Another example of disaccharides that has been extensively studied and used to synthesize
disaccharide-derived esters using lipase is sucrose. 41, 42 In one brilliant and elegant effort, Kajiwara
et al.41 developed a strategy whereby the lipase-mediated synthesis (transesterification) is
remarkably enhanced by complexing the lipase with sucrose via lyophilization; this aims to retain
the necessary hydrophilicity (known as hydration shell, resulting from surrounding essential water
molecules) around enzyme. The hydration shell preserves the inherent conformation of the enzyme
and can be easily disrupted by the enzyme is in direct contact with organic solvent molecules. The
authors therefore deemed that when hydrophilicity around the enzyme is kept high, the tightly
bound water molecules would form an aqueous microenvironment within the close vicinity of the
enzyme and help maintain its enzymatic activity. The lipase they used for the experiment was
derived from Pseudomonas fluorescens. The optimal condition to prepare sucrose-complexed
lipase was found to be a lipase solution of pH 9.0 buffer with 1% (w/v) sucrose. Utilizing this
simple and easy-to-use technique, they found the complexation to maintain very high
transesterification activity of the lipase in various pure organic solvents such as n-decane, nhexane, 1-octanol, 1-pentanol and 1-propanol at 30 °C for 24 h.41
2.7.2. Synthesis of monosaccharide-based esters using lipase
There have been several studies on the synthesis of monosaccharide-based esters via
biosynthesis using lipase.43-47 Despite being regarded as a milder and greener substitute,
biocatalysis faces some challenges as far as effectiveness and efficiency are concerned. These
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challenges include longer reaction time, higher cost, need for large amounts of enzymes (around
20 wt.%), lack of organic solvent that solubilizes both sugar and fatty acid moieties without
deactivating the enzyme, and quenching of the esterification reaction due water by-product.43
Some of the steps attempted to circumvent these issues included the use of solvents that fairly
dissolve the hydrophilic sugar such as t-butanol, mixtures like 2-methyl-butan-2-ol/DMSO and
ionic liquids, and use of molecular sieve or reduced pressure to remove the water by-product or
use fatty acid vinyl esters that result an easily removed by-product. To address some of these
challenges, effects of several conditions on a reaction of glucose with vinyl palmitate and glucose
to yield 6-O-glucose palmitate via enzymatic catalysis has been investigated and the reaction
conditions optimized by Arcens et al.43 The conditions whose influence was tested included
solvent, lipase type and temperature. Ten solvents were tested that included acetone, t-butanol,
THF, dioxane, acetonitrile, DCM, DMSO, DMF, cyclohexane, pyridine. Six enzymes were studied
that included C. antarctica lipase A (CALA), C. antarctica lipase B (CALB), Rhizomucor miehei,
Thermomyces lanuginosa, Pseudomonas cepacia and Fusarium solanipisi. The temperatures
tested were 20, 30, 45, 60 and 70 °C. The conclusions that emerged from these systematic studies
indicated that, using low quantities lipase (just 5% wt.), a full conversion to 6-O-glucose palmitate
was reached from a 1:1 ratio of glucose and vinyl palmitate in 40 h, using acetonitrile as solvent,
CALB as lipase and 45 and 60 °C as temperature—however, higher temperature was found to be
association with partial deactivation.
Xylose is another monosaccharide investigated for its biosynthesis tendency in organic
solvents to generate esters. It is an aldopentose and mainly obtained from the hydrolysis of
hemicellulose that, together with cellulose, is a major component of biomass. Abdulmalek et al.47
carried out a lipase-mediated synthesis of xylose caproate ester from xylose and caproic acid in
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organic solvents. A mixture of DMSO and acetone (1:10 v/v) was utilized to determine the optimal
reaction conditions. The authors studied parameters such as solvent system, reaction time,
substrate molar ratio and the quantity of enzyme. Their findings revealed that the highest
conversion rate of about 64% was attained in 24 h with 16% (w/v) Novozym 435, a molar ratio of
1:4 xylose to caproic, temperature of 60 °C, a pH of 10–11, and shaking rate of 300 rpm.47
2.7.3. Synthesis of sugar alcohol-based esters using lipase
Recently, enzymatic transesterification on sugar alcohols like mannitol, sorbitol and xylitol
to obtain their fatty acid ester derivatives is gaining prominence.48-52 Sugar alcohols are open-chain
sugars that are reduced derivatives of their carbohydrate counterparts. Pinna et al.48 used
immobilized CALB to enzymatically react 1,2:4,5-Di-O-isopropylidene-d-mannitol and vinyl
laurate, both with solvent (hexane) and without solvent, to produce 1-O-lauroyl-D-mannitol as
product. The reaction was carried out at 50 °C with stirring rate of 600rpm. This was followed by
a second step whereby an acid catalysed cleavage of the isopropylidene groups was performed
using equal amounts of the reaction mixture and acetic acid at 80 °C for 3 h while stirring at 600
rpm. The authors previously used 2-methyl-2-butanol as reaction solvent but admitted that that
solvent was difficult to both dry prior to the reaction to remove its water content and evaporate
after the completion of the reaction. Because their current substrate has four OH groups protected
instead of just two as in the previous substrate, it is very hydrophobic and could hence be used in
n-hexane (which is better for the enzyme) or under solvent-free conditions. According to the
authors, among the two unprotected hydroxyl groups of the substrate, the enzyme was able to
regiospecifically react with the primary hydroxyl group, leaving the secondary hydroxyl group
unreacted. The yields of the enzymatic acylation for the n-hexane and solvent-free reactions after
48 h were 92% and 65%, respectively. The yield of the acid-catalysed hydrolysis of the
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isopropylidene groups was 80%. The formation of pure 1-O-lauroyl-d-mannitol as the sole product
without isomers was attributed to the absence of vicinal hydroxyls. The reaction in n-hexane
resulted in higher yield as opposed to one done under solvent-free condition.48
Zang et al.49 also worked with mannitol, but used a different approach. Some of the
differences are using unprotected sugar alcohol instead of protected ones as with Pinna et al.48 and
an acid instead of a vinyl fatty acid ester. The parameters tested included enzyme type (Novozym
435, lipase LS-20, Thermomyces lanuginosus and protease); solvent type (n-hexane, t-pentanol, tbutanol, acetone, acetonitrile and DMSO); and octanoic acid to mannitol ratio (2:1, 3:1, 4:1, and
5:1). For a typical enzymatic reaction, a vial containing the sugar, octanoic acid and solvent (dried
using molecular sieve 4Å that was activated by heating at 250 °C under reduced pressure
overnight) was kept at 50 °C and stirred for 1 h for as much dissolution as possible. The enzyme
and an activated molecular sieve were then added and kept at 50 °C while being agitated at 200
rpm. According to their results, the best yield of 75% was obtained with Novozym 435 as enzyme,
acetone as solvent and 3:1 as the ration of octanoic acid to mannitol. The synthesized mannitolbased ester was then tested for their oil gelation and rheological properties.49
Additionally, for over a decade, our research group3, 6, 8 have worked on enzymatic catalysis
of sugar alcohols like mannitol and sorbitol (mostly in their unprotected forms) with vinyl fatty
acid esters in the presence of C. antarctica lipase B or CALB (Novozym 435). The typical
enzymatic reaction is dicpicted in Figure 2.6. Typically, to a vial containing the sugar alcohol,
vinyl ester and acetone, the immobilized enzyme is added. The reaction mixture is placed in an
incubator at 50 °C for a duration of 48 h and while being shaken at a rate of 250 rpm. In general,
our results have indicated regiospecificity towards primary hydroxyl groups with very yields as
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high as 93%. The biocatalytic reaction is overall very simple, single-step and required no major
purification step.3, 6, 8

Figure 2.6. A scheme illustrating a typical enzymatic reaction between sugar alcohols (mannitol and sorbitol) and
vinyl alkanoate. Note: R = COCnH2n+1, where n = 1 – 13.

2.8

Conclusion
Biocatalysis, particularly using lipases, in organic medium is an emerging and promising

area based on the literature as well as our experiments. Growing reports in the literature and results
of our transesterification experiments using lipase to generate amphiphiles have clearly designated
the use of biocatalysts, to be not only viable in organic media but highly robust towards obtaining
high selectivity and yield. It is therefore not surprising that biocatalysis using lipase is being
increasingly investigated and used to generate esters and non-ionic surfactants from carbohydrates
and carbohydrate derivatives ranging from monosaccharides, disaccharides and glucosides to
sugar alcohols. Hence, this strengthens our rationale behind using C. antarctica lipase B for the
synthesis of our sugar-fatty acyl based amphiphiles. This approach inevitably contributes to our
aspiration to emulate the green chemistry principles and the biorefinery concept for the synthetic
processes, traversing from the selection of sugar-based starting materials (biobased), use of
relatively less toxic solvents and the employing of biocatalysis. In conclusion, biocatalysis is an
auspicious way to convert one substance into another in an effective and efficient manner. It is
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usually simple, single-step, environmentally benign, requiring mild conditions (temperature and
pH) and does not required laborious purification steps as conventional chemical synthesis does.
2.9
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Chapter 3
SUGAR BASED AMPHIPHILES: EASILY ACCESSIBLE AND
EFFICIENT CRUDE OIL SPILL THICKENING AGENTS*

3.1

Abstract

This chapter demonstrates the use of biomass for the catalytic production of phase-selective
gelators (PSGrs) as an inexpensive, environmentally friendly and ideal method for crude oil spill
remediation, as well as execute the study exclusively in crude oil. The use of PSGrs has recently
provided great promise relative to that of their traditional counterparts. However, the use of PSGrs
with crude oil is much more complicated due to its complex composition. All of the current phaseselective gelation (PSG) methods are demonstrated with refined oils or do not employ eco-friendly
methods like enzymatic synthesis. Our current project entails studying sugar alcohol-derived
amphiphiles for their phase-selective gelation in crude oil; the PSGrs are derived from renewable,
benign materials and synthesized via a simple, single-step, enzymatic catalysis that required no
purification. The results showed that, after a rigorous and systematic testing, the mannitol-derived
amphiphile using 8-carbon alkyl chain length (M-8) turned out to be the best crude oil PSGr among
the studied amphiphiles. M-8 demonstrated a versatility towards thickening of different crude oil
types, an efficient ability towards selective gelation of the oil (forming crude oil gel that is over
sixty-one-times its mass and stable up to 109.7 °C) in a crude oil/water mixture, and an ability to
form gel under practical situations such as seawater condition. These qualities, in addition to the
use of simple and environmentally benign method to synthesize the structuring agents, make this
amphiphile very practical in real life application.

*Part of this work has been published in RSC Advances, 2016, 6, 107598-107605.
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3.2

Introduction
One of the most debilitating environmental pollutants that negatively impact the

aquatic/marine ecosystem is crude oil spill stemming from several factors such as accidents during
drilling or transporting the oil, leakages from oil wells, or volcanic eruption from the sea bed.
Examples of largest crude oil spills in history are the 1989 Exxon Valdez1 and 2010 BP Gulf of
Mexico2, 3 oil spills, which released about 40 and 210 million gallons of crude oil, respectively,
into the sea and environment. The main causes of concern include the loss of a valuable commodity
(a non-renewable one), impairment of the ecosystem, and offset of the climate.4 For instance, such
devastations were realized in the Exxon Valdez oil spill wherein about 250,000 sea birds, 22 killer
whales, 2800 sea otters, 300 harbor seals and vast amounts of fish eggs were killed or destroyed.13, 5-7

Due to the adverse consequences of the oil spills that have tainted our recent history,1, 5, 7 the

quest for an effective oil spill remediation has always received special attention. However,
remediation methods such as the use of booms, skimmers, high-pressure hot water, burning, and
polymeric materials like dispersants, absorbents and solidifiers8-10 have notable limitations despite
their merits. For instance, booms do not necessarily remove the oil, high-pressure hot water
disrupts the microbial populations, burning may be impossible in bad weathers or when too close
to the shoreline, and polymeric solidifiers are generally derived from non-renewable resources and
difficult in terms of recovering the crude oil from the resulting gel.11, 12
Other methods include the use of mechanical pumps and phase-selective gelators (PSGrs).
Pumps are used to directly extract the oil and an example of such a method has been reported by
Ge et al.,13 wherein a pump is connected to a hydrophobic polymer sponge that sits on and sucks
the spilled oil. The limitations of this method include the utility of a whole setup or machinery and
polymers which are usually obtained from fossil fuels at a time when efforts are being geared
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towards curbing the use of non-renewable resources. The use of PSGrs has recently shown great
promise, with its mode of application slowly but surely evolving.14-20 They are used to
preferentially solidify the oil which is easily scooped off subsequently. Initially, the method was
demonstrated by heating and then cooling the mixture of gelator, oil and water to induce the
gelation of the oil phase. Due to the impracticality of heating, dissolving the gelator in a watermiscible solvent for its introduction into the oil phase was adapted and demonstrated.11 Concerns
about the intoxication of the aquatic ecosystem by the solvent has been addressed by the use of
lipophilic solvent as a vehicle for the gelator.4 Further improvement has been recently illustrated
by the simple and direct addition of the gelator in the solid form to afford the phase-selective
gelation of the oil phase in the mixture of oil and water.21
However, oil spills involving crude oil are much more complicated in comparison to their
refined oil counterparts like diesel and gasoline by virtue of their highly complex composition.2226

Despite the inevitable merits of phase-selective remediation methods, most of current

remediation methods are demonstrated with refined oils like diesel and petrol; direct crude oil
remediation methods are very scarce. Additionally, to the best of our knowledge there is no crude
oil remediation method that employs eco-friendly methods like enzymatic synthesis.
Continuing our interest in phase-selective gelation as a means of oil spill remediation,11 we
herein report studying a range of sugar-alcohol derived amphiphiles for phase-selective behavior
in crude oil spill remediation exclusively (Figure 3.1). The PSGrs are derived from renewable,
benign materials and synthesized via a simple, single-step, enzymatic catalysis that required no
purification.27-32 To test the versatility of the PSGrs towards crude oil thickening, a wide range of
crude oil types with different compositions were chosen for the study. In addition to the simplicity,
regiospecificity, and environmentally benign synthesis, the use of sugar alcohols and fatty acids
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provides leverage for diversity in terms of both starting materials and functionalization, as well as
the tunability of property through rational design. Additionally, the PSGrs were tested for their
ability to selectively thicken the oil layer while being applied via a lipophilic carrier as
demonstrated by others.4 This was done by preparing a saturated solution of the PSGr, which was
then added onto the crude oil/water mixture as depicted in Figure 3.1b-2.

Figure 3.1 Schematic illustration of synthesis and gelation. a) Enzymatic synthesis of amphiphiles using open-chain
sugar alcohols. b) Phase-selective gelation of crude oil via both the addition of solid powder and then heating (b-1),
and addition of gelator solution (b-2).

3.3

Experimental section

3.3.1. Materials and methods
Three crude oil types with distinctly different properties were used for this study. The crude
oils include Prudhoe Bay Crude Oil (PBCO), Arabian Light Crude Oil (ALCO) and South
Louisiana Crude Oil (SLCO). The sugars D-mannitol, D-sorbitol and D-galactitol were obtained
from Acros Organics (New Jersey). D-Xylitol was obtained from MP Biomedicals, Inc. (Ohio).
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The vinyl esters were obtained from Acros Organics. Unless otherwise stated, all solvents and
reagents for the synthesis, thin layer chromatography (TLC), work-up and purification were of
ACS grade and purchased from Acros, TCI or Spectrum Chemicals Ltd. The TLC plates (silica
coated aluminum foil) and silica gel (100 - 200 mesh) were obtained from Fisher Scientific. The
enzyme Novozyme 435 was obtained from Novozymes (U.S.A.). The 1H- and

13

C-NMR

recordings were made using the Varian Mercury 300 MHz NMR Spectrometer, operating at 300
and 75 MHz for 1H- and 13C-NMR respectively.
3.3.2. General method for enzymatic synthesis of amphiphiles
The open chain sugar-based amphiphiles were synthesized by enzymatic synthesis.
Novozyme 435 was added to a mixture of the sugar alcohol and vinyl esters in dry acetone. The
reaction mixtures were shaken at 250 rpm in an incubator shaker, maintained at 50 °C for 48 h.
After the incubation, the reaction mixtures were filtered and the solvent removed in rotary
evaporator. The dried crude solid products were purified by precipitating in and washing with
hexane. All the amphiphiles were obtained as white solids. Furthermore, the reusability of the
enzyme was investigated by successively reusing the enzyme to synthesize fresh batches of
amphiphile. The usage was repeated until the enzymatic activity was significantly reduced.
(2R,3R,4R,5R)-2,3,4,5-tetrahydroxyhexane-1,6-diyl dibutyrate, 5a (M-4): 1H NMR (300
MHz, DMSO-d6) δ ppm 4. (d, J = 5.9 Hz, 2H); 4.31 (m, 4H); 3.96 (m, 2H); 3.60 (m, 4H); 2.28 (t,
J = 7.3 Hz, 4H); 1.25 (m, 4H); 0.86 (t, J= 7.4 Hz, 6H);

13

C NMR (75 MHz, DMSO-d6) δ ppm

173.0, 69.0, 68.1, 66.8, 35.5, 18.0, 13.6.
(2R,3R,4R,5R)-2,3,4,5-tetrahydroxyhexane-1,6-diyl dioctanoate, 5b (M-8): 1H NMR
(300 MHz, DMSO-d6) δ ppm 4.78 (d, J = 5.8 Hz); 4.29 (m); 3.96 (m); 3.58 (m); 2.29 (t, J = 7.2
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Hz); 1.53 (m); 1.25 (m); 0.86 (m). 13C NMR (75 MHz, DMSO) δ = 173.14, 69.82, 67.96, 67.24,
35.10, 33.59, 31.17, 29.72, 24.49, 22.09, 13.35.
(2R,3R,4R,5R)-2,3,4,5-tetrahydroxyhexane-1,6-diyl bis(decanoate), 5c (M-10): 1H NMR
(300 MHz, DMSO-d6) δ = 4.80 (d, J = 5.9 Hz, 2H); 4.30 (m, 4H); 3.95 (m, 2H); 3.58 (m, 4H);
2.29 (t, J = 7.4 Hz, 4H); 1.52 (m, 4H); 1.24 (m, 24H); 0.85 (m, 6H). 13C NMR (75 MHz, DMSO)
δ = 173.79, 69.90, 68.73, 67.52, 34.25, 31.98, 29.37, 25.15, 22.79, 14.75.
(2R,3R,4R,5R)-2,3,4,5-tetrahydroxyhexane-1,6-diyl didodecanoate, 5d (M-12): 1H NMR
(300 MHz, DMSO-d6) δ = 4.79 (d, J = 5.9 Hz, 2H); 4.30 (m, 4H); 3.97 (m, 2H); 3.70 (m, 4H);
2.28 (t, J = 7.3 Hz, 4H); 1.52 (m, 4H); 1.24 (m, 32H); 0.85 (t, J = 6.5 Hz, 6H). 13C NMR (75 MHz,
DMSO) δ = 173.78, 69.77, 68.95, 67.51, 34.26, 29.21, 25.15, 22.54, 15.16.
(2R,3R,4R,5R)-2,3,4,5-tetrahydroxyhexane-1,6-diyl ditetradecanoate, 5e (M-14): 1H
NMR (300 MHz, DMSO-d6) δ = 4.71 (d, J = 5.9 Hz, 2H); 4.27 (m, 4H); 4.01 (m, 2H); 3.60 (m,
4H); 2.29 (t, J = 7.3 Hz, 4H); 1.54 (m, 4H); 1.25 (m, 40H); 0.86 (m, 6H).

13

C NMR (75 MHz,

DMSO) δ = 172.86, 69.23, 68.50, 66.54, 33.49, 31.09, 28.80, 28.52, 24.30, 21.85, 13.64.
(2R,3R,4R,5S)-2,3,4,5-tetrahydroxyhexane-1,6-diyl dioctanoate, 6b (S-8): 1H NMR (300
MHz, DMSO-d6) δ = 4.80 (d, J = 5.8 Hz, 2H); 4.29 (m, 4H); 3.96 (m, 2H); 3.58 (m, 4H); 2.29 (t,
J = 7.2 Hz, 4H); 1.53 (m, 4H); 1.25 (m, 16H); 0.86 (m, 6H).

13

C NMR (75 MHz, DMSO) δ =

173.64, 71.46, 69.57, 66.29, 35.10, 33.59, 31.17, 29.72, 24.49, 18.61, 14.27.
(2R,3r,4S)-2,3,4-trihydroxypentane-1,5-diyl dioctanoate, 8b (X-8): 1H NMR (300 MHz,
DMSO-d6) δ = 4.78 (d, J = 5.8 Hz, 2H); 4.29 (m, 3H); 3.96 (m, 2H); 3.58 (m, 3H); 2.29 (t, J = 7.2
Hz, 4H); 1.53 (m, 4H); 1.25 (m, 16H); 0.86 (m, 6H).

13

C NMR (75 MHz, DMSO) δ = 173.14,

69.82, 67.96, 67.24, 35.10, 33.59, 31.17, 29.72, 24.49, 22.09, 13.35.
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3.3.3. Gelation and phase-selective gelation studies
Gelation was carried out using two methods namely: (i) the single-phase (known as
conventional) gelation, whereby the amphiphile was added to crude oil, a single phase, and then
heated; and (ii) the phase-selective gelation, whereby the amphiphile was added to a two-phase
mixture of crude oil and water by adding the amphiphile and then heating or as a saturated solution
of the amphiphile. Besides the number of phases involved, the gelation process for both singlephase and phase-selective gelations followed the similar protocol as illustrated in Figure 3.1b.
Gelation: Typically, a 5% (w/v) gel was prepared by placing a specific amount of crude
oil, or oil/water mixture in the case of phase-selective gelation, in a vial and to which the gelator
was added. The heterogeneous system was heated to afford a homogeneous dispersion which was
allowed to cool slowly to room temperature and then visually observed for gelation.
Minimum gelation concentration (MGC): The minimum gelation concentration (MGC)
of a gelator was determined by progressively decreasing its % w/v by adding small volume
increments of the crude oil (or of both crude oil and water in the case of phase-selective gelation)
and then subjecting the new mixture to the gelation procedure described above. The process was
repeated through several cycles until gelation ceased to occur. The maximum amount of solvent
immobilized by the given amount of gelator was used to calculate the MGC.
Gel-to-sol-transition temperature (Tg): The gel melting temperature, commonly known in
the literature as the gel-to-sol-transition temperature (Tg), was determined by the typical tube
inversion method.11, 33 In a 2 mL scintillation vial, a 5 % w/v gel was prepared as described above.
The vial containing the gel was inverted upside down and completely submerged in an oil-bath
equipped with a thermometer and slowly heated. The temperature at which the viscous gel melted
down was recorded as Tg.
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Salt water effect: Furthermore, the effect of seawater on the phase-selective gelation was
studied. The seawater was re-constituted by dissolving sea salt in deionized water to obtain 3.5 %
salt solution. The seawater/PBCO/gelator mixture was heated, allowed to settle for few minutes
and then observed for gelation.
Rheology: Rheological studies were performed to discern how the coagulated crude oil
would hold and withstand the rigorous action of being scooped out of the mixture containing water.
Initially, the linear viscosity region (LVR) was determined via strain sweep while keeping the
frequency constant at 1 Hz, and then frequency sweep was carried out while keeping the strain rate
at a constant value in LVR.
3.4

Results and discussion
Most of the current phase selective gelators are synthesized using methodologies that

involve multiple steps. From a practical point of view, this results in not only being cost ineffective,
but also increases the risk of toxicity exposure for individuals during the process of synthesis, and
to the environment during and after disposal. We carried out the synthesis of the PSGrs using
known enzymatic procedure and different sugar alcohols like mannitol, sorbitol, xylitol and
galactitol (Figure 3.1a); hence, the building blocks are renewable, biocompatible and degradable,
and cost-effective. The enzymatic catalysis renders the procedure simple, single-step, and
regiospecific, without requiring purification.
Enzymatic synthesis of amphiphiles: As Table 1 shows, the yields of the enzymatic
catalysis range from moderate to good for the distinctly different starting materials. The caprylic
acid derivatives of mannitol and sorbitol gave good yield of 93 % and 89 %, respectively, whereas
the other alkyl chain derivatives gave lower yield; xylitol gave relatively poor yield and galactitol
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did not react at all to form the product. The differences in yield observed may be due to the
differences in solubility of different sugars and vinyl esters in acetone, the reaction medium. Thus,
the six membered alditols, Mannitol and sorbitol, seem to be more compatible with the reaction
medium than the five membered alditol, xylitol. Also, the observed trend in yields seems to suggest
that an eight-carbon alkyl chain vinyl ester is more compatible with the reaction medium, resulting
in the yields dropping as the number of carbons decreases or increases beyond eight. The
information on this dependency of the solubility of the reacting moieties in the reaction medium
is very crucial from a practical point of view. In a scenario whereby a particular amphiphile needs
to be commercially produced, a full-fledged optimization of the reaction conditions could be
carried out to customize the conditions for the synthesis of the respective sugar-vinyl ester
combination.

Table 3.1.

Yields, compound #’s, and abbreviations assigned to the synthesized amphiphiles.

Serial #

R

Compound #

Abbr.

% Yield

1

COC3H7

5a

M-4

39.0

2

COC7H15

5b

M-8

93.0

COC9H19

5c

M-10

87.3

4

COC11H23

5d

M-12

87.3

5

COC13H27

5e

M-14

62.4

3

Sugar

mannitol

6

sorbitol

COC7H15

6b

S-8

88.9

7

galactitol

COC7H15

7b

G-8

N/A

8

xylitol

COC7H15

8b

X-8

53.0

All reactions were carried out at 50 °C for 48 hours. Abbr. = abbreviation. N/A = no product obtained.
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The lack of reactivity of galactitol under enzymatic conditions to yield the G-8 product is
attributed to the chirality of galactitol. The configuration of galactitol is “2R, 3S, 4R, 5S” whereas
that of the other two six-membered alditols are “2R, 3R, 4R, 5R” and “2R, 3R, 4R, 5S”,
respectively. Potentially, due to the subtle difference in stereochemistry at carbon-3, galactitol may
not have effectively interacted with the enzyme as its other six-carbon counterparts. Hence, a
configuration of 2R, 3R and 4R may be mandatory for an optimal enzyme-substrate interaction in
case of six-member alditols.
The investigation of the reusability of the enzyme was studied by employing the same batch
of enzyme to synthesize M-8 or S-8 for five times as shown in Figure 3.2. The results showed that
while using the same batch of enzyme for repeated cycles of M-8 or S-8 syntheses, the yield
dropped by less than 18 % and 51 % during the third and fifth synthesis respectively for M-8; on
the other hand, it did by less than 5 % and 38 % during the third and fifth synthesis respectively
for S-8. This ability provides a huge potential for the facile synthesis of amphiphiles in a costeffective way, which in turn would have a great practical implication for commercial applications.

Figure 3.2. Percent yield with repeated enzyme use for synthesizing different batches of M-8, a); and S-8, b).

Gelation studies: Crude oil is a highly complex mixture of hydrocarbons (over 98 %) and
nonhydrocarbons.22 The hydrocarbons include alkanes, alkenes, cycloalkanes, and aromatic
compounds whereas the nonhydrocarbons include nitrogen-, sulfur-, and oxygen-containing
compounds as well as metals like nickel, mercury, vanadium and lead. In order to study a wide
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range of crude oils with different compositional complexity, we used three distinct crude oils
namely Prudhoe Bay Crude Oil (PBCO), Arabian Light Crude Oil (ALCO) and South Louisiana
Crude Oil (SLCO). Crude oils are generally classified as very light, light, medium and heavy based
on API (American Petroleum Institute) values. According to Holder,34 SLCO, ALCO, and PBCO
are in the category of very light, light and medium respectively, whereas, according to the
American Petroleum Institute,35 PBCO belongs to the heavy category. Additionally, ALCO and
PBCO are sour (high sulfur content) while SLCO is sweet (low sulfur content); PBCO is most
naphthenic (least paraffinic and most aromatic/naphthenic content) while SLCO is most paraffinic
(most paraffinic content) (see Table S2 in the supporting information for details).22-26, 34, 35
Single-phase/conventional gelation: Alkyl tail dependence of gelation using mannitolbased amphiphiles—derived from vinyl butyrate (M-4), vinyl caprylate (M-8), vinyl caprate (M10), vinyl laurate (M-12) and vinyl myristate (M-14)—was first studied in the three crude oils
through the single-phase (also known as conventional) method. The gelation results, shown in
Figure 3.3a, have indicated that the mannitol-derivatives of the C-8, C-10, C-12 and C-14 alkyl
chain lengths underwent gelation in all three crude oil types, whereas C-4, the shortest alkyl chain
length, failed to gel in any of the crude oils. Gelation depends on hydrophilic-lipophilic balance
(HLB). In crude oil, a lipophilic medium, the dominance of the former encourages precipitation
while that of the latter encourages dissolution. Hence, unlike its longer alkyl chain length
counterparts, the chain length of the C-4 derivative is too short to balance-out hydrophilicity of the
head group. Thus, the observed failure of M-4 to gel can be attributed to too much dominance of
hydrophilicity.
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Figure 3.3. Results of alkyl chain length dependence of: a) gelation; b) MGC value; and c) T g value.

The C-8, C-10, C-12 and C-14 alkyl chain derivatives were studied for their crude oil
thickening efficiency. Minimum gelation concentration (MGC) indicates the minimum amount of
a particular gelator required to gel a crude oil; the lower the value the more efficient the gelator is.
The MGC values (Figure 3.3b) indicate that M-8, the C-8 derivative has the best gelation efficiency
compared to the other alkyl chain length derivatives. It has an MGC value of 1.4 % w/v in Prudhoe
Bay crude oil, which implies M-8 could gel an amount of crude oil up to over seventy-time M-8’s
weight. Both its longer and shorter chain counterparts proved to be poorer gelators; while the
longer ones have higher MGC values, the shorter one, M-4, did not gel at all. This observation
implies that, on one hand, as chain length increases the solvent-amphiphile interaction gets strong,
which weakens the amphiphile-amphiphile interaction; on the other hand, as the chain length gets
shorter the amphiphile-amphiphile interaction gets stronger, which weakens the solventamphiphile interaction. Solubilization is favored by the former and crystallization by the latter,
either of which disfavors gelation. Hence, a proper balance between hydrophobicity (alkyl chain
length) and hydrophilicity (hydroxyl group number) gives perfect gelation, which requires the
maintenance of amphiphile-amphiphile interaction and solvent-amphiphile interaction optimum.

73

Chapter 3: Crude oil spill thickening agents

The gel-to-sol transition temperature (Tg) indicates the thermal stability of the resulting
gel. In consistence with MGC results, M-8 turns out to be the best in terms of thermal stability
when compared with the other alkyl length derivatives of mannitol. As indicated in Figure 3.3c, it
has the highest Tg value among all the different alkyl chain derivatives of mannitol; it can withstand
high temperatures up to 123.5 °C before its gel reverts to the solution state.
Sugar head group dependence of gelation using eight-carbon-based amphiphiles—derived
from the sugars mannitol (M-8), sorbitol (S-8) and xylitol (X-8)—was next studied in the three
crude oils via the single-phase method. As shown in Figure 3.4a, the sugar-head-group dependence
studies revealed that both M-8 and S-8 underwent gelation in all three crude oils, whereas X-8
failed to gel in any of the oils. This can be attributed to the fact that xylitol has one carbon and one
hydroxyl group less compared to the six-membered aldols. As a result, the xylitol’s head groups
interacted less favorably via hydrogen bonding to form an ideal 3D matrix.

Figure 3.4. Results of head group dependence of: a) gelation; b) MGC value; and c) T g value.

The mannitol and sorbitol head group derivatives were compared for their crude oil
thickening efficiency. The MGC values shown in Figure 3.4b indicated that M-8 is a more efficient
gelator in all three crude oils than its sorbitol counterpart. Both mannitol and sorbitol have the
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same molecular formula but with different chirality at one of the stereogenic centers. Mannitol is
(2R, 3R, 4R, 5R)-hexane-1,2,3,4,5,6-hexol, whereas sorbitol is (2R, 3R, 4R, 5S)-hexane1,2,3,4,5,6-hexol. This subtle difference resulted in a more favorable and cooperative hydrogen
bonding interaction for the mannitol head groups than for the sorbitol head groups. Hence, the
mannitol derivative self-assembles into a stronger 3D network than that formed by the sorbitol
derivative.
The Tg values for 5 % (w/v) gels, shown in Figure 3.4c, indicate the mannitol derivative
(111.5 to 123.5 °C) to be more efficient in terms of thermal stability in all three crude oils than the
sorbitol counterpart (67.2 to 74.3 °C). This observed result is attributed to the same reasoning as
mentioned in the case of MGC.
Phase-selective gelation: Phase-selective gelation study in a mixture of crude oil and water
was carried out using amphiphiles with the optimal combination of sugar head group and alkyl
chain length, M-8 and S-8, determined from the single-phase gelation study. The two amphiphiles
were investigated for their phase-selective gelation capability, gelation efficiency, thermal
stability, and influence of selected oceanic conditions.
As illustrated by the pictures shown in Figure 3.5, M-8 and S-8 exhibited phase-selective
gelation ability. Figure 3.6 shows the results of their phase-selective ability, which is comparable
to that of single-phase gelation; thus, M-8 and S-8 have demonstrated to be PSGrs rather than
being mere gelators. Figure 3.6a shows both to be capable of forming gels. Figure 3.6b and Figure
3.6c give the MGC and Tg values comparable to those seen during conventional single-phase
gelation. M-8 gave the best results, 1.6 % w/v for MGC and 109.7 °C for Tg. These results imply
that the best PSGr, M-8, could gel an amount of crude oil up to over sixty-one-times the weight of
the PSGr and can withstand high temperatures up to 109.7 °C before the gel ruptures and reverts
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to the solution form. The Tg value of the phase-selective-selection (109.7 °C) could possibly be
close to that of the single-phase gelation (123.5 °C) without the additional weight of water above
the crude oil gel while inverted during Tg measurement.

Figure 3.5. Representative picture of a typical gel formed via phase-selective gelation: a) a tilted vial containing
crude oil gel alongside that containing liquid crude oil - the level of the gel is not perpendicular to the direction of pull
of gravity while that of the liquid is observed to be so; b) verification of crude oil gel formation by inverting the vial
upside down.

To discern how some oceanic conditions might affect the process of self-assembly of the
amphiphiles during phase-selective crude oil thickening in a real life scenario, the effect of
seawater was conceptually created and tested. Phase-selective gelation using a mixture of seawater
(prepared)36 and PBCO was attempted multiple times, with each trial resulting in the crude oil
phase being preferentially gelled with M-8 at 5 % (w/v). This further strengthens the applicability
of these PSGrs for practical crude oil spill remediation in the harsh environmental conditions like
saltiness.
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Figure 3.6. The phase-selective gelation results for: a) Gelation; b) MGC value; and c) T g value.

We have also conceptually demonstrated that the sugar-alcohol based amphiphile could be
applied as a hydrophobic solution to the crude oil spill. A heated saturated solution of M-8 in diesel
was added to a crude oil (SLCO)/water mixture (to afford a PSGr-in-oil concentration of about 5%
w/v), which resulted into the thickening of oil over the water surface as illustrated Figure 3.7 (see
VideoS1 in the supporting information) . The result showed the thickened crude oil was coherent
and sturdy enough to be scooped out of the water, further making the prospects of practical
application more feasible.
The mechanical strength of thickened crude oil was investigated using rheological
experiments. Frequency and amplitude dependent experiments were conducted using 5 % w/v
crude oil gels as shown in Figure 3.8 in order to discern the robustness of the coagulated crude oil
and how it would withstand the rigorous action of being scooped out of the water. In rheology,
storage modulus (G’) gives a measure of the elasticity of a material whereas the loss modulus (G”)
gives a measure of the flow behavior (viscosity) of the material under stress. Generally, G’ being
greater than G” is characteristic of a stable gel (more solid-like state) and vice versa is the
characteristic of a sol state. Figure 3.8a shows the oscillatory stress response of a 5 % thickened
M-8 in crude oil. This was carried out by varying strain over a range of % strain values 10-3 to 102
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% at a constant frequency of 1 Hz (see Appendix). Both the storage and loss moduli remain fairly
constant at about 4000 Pa and 1000 Pa, respectively, over % strain values 0.001 to 0.01 %, the
region known as the linear viscosity region (LVR). The gel breaks only at a % strain value of 7.87
% (See Appendix) or a yield stress value of about 20 Pa (Figure 3.8a), characterized by the crossing
over of G’ and G’’. This result indicates the stiffness of the crude oil gel or the amount of stress to
induce strain or deformation, implies the thickened crude oil to be stable as a gel, and indicates
good tolerance to external stress.

Figure 3.7. Snapshots from crude oil gelation using a heated solution of M-8 in diesel: a) clear water prior to crude
oil addition; b) addition of crude oil (SLCO) to water; c) addition of a molten solution of M-8 in diesel; d) removal of
the gelled crude oil after about 90 seconds; e) the scooped crude oil gel; and f) cleaned-up water.

Figure 3.8. Rheology data of 5 % M-8 in crude oil (SLCO). a) Stress amplitude sweep and b) Frequency sweep.
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Figure 3.8b shows a typical frequency sweep experiment whereby the variation of G’ and
G’’ was monitored as a function of applied frequency under a constant strain 0.01 %. For the crude
oil gel under study, G’ (about 6000 Pa) was found to be higher than G’’ (about 1500 Pa) and they
did not cross each other throughout the experimental region (0.01 to 10 Hz). This result suggests
the formation of viscoelastic material capable of tolerating the scooping action of the gel out of
the water in a practical scenario.
3.5

Conclusions
In conclusion, this work has demonstrated an economical and environmentally friendly

means of generating PSGrs for oil spill remediation exclusively in crude oil. After systematic and
rigorous testing and screening, M-8 and S-8 have emerged as the best sugar alcohol-based
amphiphiles for crude oil spill remediation. The PSGrs exhibited great versatility towards crude
oil thickening by gelling different crude oil types that have contrasting properties. M-8 selectively
thickened crude oil in a crude oil/water mixture; efficiently gelled a mass of crude oil over sixtyone-times its mass; and yielded a thermally stable gel up to 109.7 °C. The ability of M-8 to
withstand strong ionic strength, which is some reality found in aquatic environments where crude
oil spills commonly occur, is indicative of the effectiveness in practical and real-life applications.
Furthermore, M-8 has proven to be capable being introduced into the crude oil phase as a solution
using a lipophilic solvent as a carrier. Thus, this study has conceptually shown that the sugar-based
PSGrs are ideal contenders for crude oil-spill remediation due to being derived from renewable,
eco-friendly, and low-cost resources; synthesized via a simple, single-step, enzymatic catalysis
that required no purification; and studied exclusively in different crude oils. The low cost of these
least explored sugar alcohols and the potential recyclability of the enzyme and reaction medium
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would inevitably make the herein proposed crude oil spill remediation cost effective in comparison
to the existing mitigation strategies.
3.6
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Chapter 4
TUNING AESTHETIC AND MECHANICAL PROPERTIES OF
OLEOGELS VIA FORMULATION OF MOLECULAR GELATORS

4.1

Abstract

The mechanistic resemblance of molecular gels to solid fats (trans and saturated) makes molecular
gelation an ideal alternative in developing fat-based food and cosmetic products. The recent
upsurge in the preference for molecular gels/structured-oils is due to being healthier than
conventional solid fats. Two isomeric low molecular weight gelators (LMWGs) namely mannitol
dioctanoate (M8) and sorbitol dioctanoate (S8), synthesized by bio-catalysis, showed different
behaviors towards structuring vegetable oils; while M8 formed oleogels with higher gel strength,
the S8 gels were more aesthetic, translucent, and appealing. This study develops a means of
adjusting the mechanical robustness and aesthetic appeal of products via studying the effect of
varying the M8/S8 proportions. The results showed that parameters associated with aesthetic effect
(e.g. % light transmittance), gel strength (e.g. rheology) and morphology were impacted by the
ratio of the gelators, which was found to be capable of upregulating: i) the degree of
transparency/aesthetic appearance in cosmetic application; ii) the degree of hardness in food
application—comparable to the use of partial hydrogenation, employed for decades to control the
degree of hardness. Therefore, this work enables the modulation of a gel’s aesthetic and
organoleptic properties via a simple formulation of stereoisomeric molecular gelators.
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4.2

Introduction
Structuring vegetable oils or oleogelation using small molecules (molecular gelation

technique) has emerged as a vibrant area of research in recent years owing to efforts to mitigate
saturated fats and eradicate trans-fats. The impetus has stemmed from an era of health
consciousness, underpinned by the recent banning of trans-fat from our food diets by the Food and
Drug Administration (FDA) as of 2018.1-4 The technique avails us of an ideal alternative that
utilizes low molecular weight gelators (LMWGs) which, unlike polymeric gelators, are derived
from abundant, green, renewable and inexpensive biomass using bio-catalysis, a GRAS (generally
regarded as safe) protocol. This renders the resulting molecular gels/oleogels green, sustainable,
biodegradable, ecofriendly and producing less carbon footprint. The aim of contemporary
oleogelation is two-fold: alleviating/eradicating negative health issues associated with solid fat
consumption and preserving the desired qualities associated with solid-fats, especially
organoleptic properties (taste, sight, smell, texture and mouth feel). While the former can be
attained by selecting healthy biocompatible precursors to synthesize the structuring agents, the
latter can be quite a challenge as substituting solid-fats with liquid oils could drastically
compromise the mechanical and organoleptic qualities of food products. The textural properties
(like consistency, spreadability, hardness, firmness, brittleness) and organoleptic ones (like taste,
appearance, smell, touch) of solid-fats rise from the fat crystal network formation. Examples of
solid-fats in food and cosmetic industry comprise natural ones like butter, tallow, chicken fat,
coconut oil, palm oil and palm kernel oil, or hydrogenated and/or interesterified ones.
LMWGs have the propensity to structure solvents such as vegetable oils by undergoing
hierarchical self-assembly via non-covalent interactions and eventually forming a threedimensional (3D) network known as self-assembled fibrillar network (SAFiN).5 The 3D network,
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like the fat crystal network, immobilizes the surrounding liquid, resulting in a semi-solid referred
to as a molecular gel.5-8 Gelation with LMWGs has been a key research area in our group for over
a decade9-18 and one pivotal focus of these activities involves oleogelation with an aim toward
replacing solid fats (saturated and trans-fats from traditional oil processing methods)19-21, which
is contemporarily opportune with the banning of trans-fats. We have developed a wide range of
LMWGs from sugar-based resources like sugar alcohols, disaccharides and glycosides and tested
them in various edible oils. They included fatty acyl diesters of sugar alcohols (like mannitol,
sorbitol and xylitol),22 diesters of trehalose23 and monoesters of raspberry ketone glucoside.24 The
LMWGs have shown oleogelation ability in vegetable oils such as canola oil, soybean oil, corn
oil, olive oil, grape seed oil, hazelnut oil and jojoba oil.22, 24, 25
Recently, our efforts have encompassed the exploration of the multifunctionality of
oleogelation, i.e. other function(s) in addition to structuring. Interestingly, our studies have
revealed that the LMWGs M8 and S8 (mannitol and sorbitol dioctanoates, respectively) are
uniquely distinct towards structuring vegetable oils despite the two open chain sugars differing
only at one stereogenic center (C2); while the gel of the S8 has a more appealing translucent
appearance, the gel of M8 has a higher mechanical strength. In this regard, we are poised to design
formulations with trade-off between aesthetic and mechanical properties of molecular oleogels by
simply mixing the two gelators. The current work investigates how varying the proportions of M8
and S8 modulates the properties of the oleogels. The M8 fraction was varied from 0.0 to 1.0 and
the resulting effect on aesthetic appearance, transparency, morphology, strength, efficiency and
thermal strength studied. The goal is to elucidate the correlation with properties such as
microstructure, oil binding capacity, gel-to-sol transition temperature, rheology, opacity and solid
fat content.
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4.3

Materials and methods

4.3.1. Materials
D-mannitol, D-sorbitol and vinyl esters of fatty acids were obtained from Acros Organics
(New Jersey, USA). Unless otherwise stated, all solvents and reagents for the synthesis, thin layer
chromatography (TLC), work-up and purification were of ACS grade and purchased from Acros
Organic, TCI (Tokyo Chemical Industry, Japan) or Spectrum Chemicals Ltd (New Jersey, USA).
The TLC plates (silica coated aluminum foil) and silica gel (100 - 200 mesh) were obtained from
Fisher Scientific (Massachusetts, USA). Canola oil was used as a representative vegetable oil and
obtained from a local supermarket (New York, USA). The enzyme Novozym® 435 was obtained
from Novozymes, USA. The 1H- and 13C-NMR recordings were made using the Varian Mercury
300 MHz NMR Spectrometer, operating at 300 and 75 MHz, for 1H- and 13C-NMR respectively.
4.3.2. Methods
Enzymatic synthesis of mannitol- and sorbitol-based amphiphiles: The amphiphilic
derivatives of mannitol and sorbitol (two open chain sugars) were synthesized enzymatically.
Novozym® 435 was added to a mixture of the sugar alcohol and vinyl octanoate in dry acetone.
The reaction mixtures were shaken at 250 rpm in an incubator shaker, maintained at 50 °C for 48
h. After the incubation, the reaction mixtures were filtered and the solvent removed using rotary
evaporator. The dried crude solid products were purified by precipitating in hexane. All the
amphiphiles were obtained as white powder.
Gelation (oil structuring) using single gelator: Typically, a 5% (w/v) gel was prepared by
placing a specific amount of canola oil and the gelator in a vial. The heterogeneous system was

86

Chapter 4: Tuning aesthetic & mechanical properties

heated to afford a homogeneous dispersion which was allowed to cool slowly to room temperature
and then visually observed for oil structuring.
Gelation using M8 and S8 mixture: Gelator mixtures of M8 and S8 were prepared by
taking different ratios of M8 and S8 from 0.0 M8 to 1.0 M8 at 0.1 increments. 5% gelators mixture
was placed in a vial and a specific amount of canola oil added. The heterogeneous system was
heated to afford a homogeneous dispersion which was allowed to cool to room temperature. It was
then visually observed for oil structuring by the tube inversion method.8, 15
Minimum gelation concentration determination: The minimum gelation concentration
(MGC) of each gelator or gelator mixture was determined by progressively decreasing its % w/v
by adding small volume increments of canola oil and then subjecting the new mixture to the
gelation procedure described above. The process was repeated through several cycles until gelation
ceased to occur. The maximum amount of solvent immobilized by the given amount of gelator(s)
was used to calculate the MGC.
Gel-to-sol-transition temperature: The gel melting temperature, commonly known in the
literature as the gel-to-sol transition temperature (Tg), was determined by the typical tube inversion
method.8, 15 In a 2-mL scintillation vial, a 5% w/v gel was prepared as described above. The vial
containing the gel was inverted upside down and completely submerged in an oil-bath equipped
with a thermometer and slowly heated. The temperature at which the viscous gel melted down was
recorded as Tg.
Transmittance/Opacity study: Mixtures of oil and different gelator-combinations were
prepared. The % transmittance of each sample was recorded by scanning from 400 nm to 600 nm
using UV-Visible spectrophotometer (Thermo Scientific, Evolution 300, USA).
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Optical microscopy: The samples for the microscopy study were prepared by placing a
small quantity of each gel on a microscopic glass slide. The samples were viewed using the LEICA
DM LB 2 optical microscope (Germany). The micrographs were recorded using the mounted
LEICA DFC 280 camera.
Differential scanning calorimetry (DSC): The thermal behavior (melting point) of the
various gels was investigated using a differential scanning calorimeter (METTLER TOLEDO
DSC822). Pure aluminum crucible containing a 10 to 30 mg gel sample, sealed with pierced Al lid
was placed in the furnace of the DSC instrument along with an empty pure aluminum crucible
with lid as the reference. The measurement was done over a range of 25 to 140 °C at a rate of 2
°C/min under inert atmosphere by purging nitrogen gas.
Rheology: Rotational rheometer (ARES-G2, TA instruments, USA) was used to study and
compare the mechanical strength and flow behavior of various gel samples comprising different
M8/S8 ratios in canola oil. For each ratio, the linear viscosity region (LVR) was determined via
amplitude sweep while keeping the frequency constant at 1 Hz. Frequency sweep was carried out
while keeping the strain rate at a constant value in LVR. Finally, flow ramp was carried out by
studying the viscosity by varying the strain rate.
Oil binding capacity: Each 5% gel was subjected to centrifugation at RCF 9,167g for 5
minutes. The percentage of oil retained within the gel after the centrifugation was recorded as the
oil

binding

capacity

% released oil =

(OBC)

and

(b − a) − (c − a) 100
(b − a)

% OBC = 100 - % released oil

calculated

using

the

following

equations.26

(1)
(2)

where, ‘a’ is the weight of the empty centrifuge tube in grams; ‘b’ is the weight of the tube with
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oleogel (g); ‘c’ is the weight of the tube after draining the leaked oil, if any, from centrifugation
(g).
Solid fat content: The solid fat content (SFC) of oleogels was determined by pulsed nuclear
magnetic resonance (NMR). Samples for SFC measurement were prepared by filling the 10 mm
diameter NMR tubes with the gels to about 45 mm high. The tubes were placed in the NMR
machine (Bruker minispec mq20, Germany) and measurements done using the AOCS NMR
standard Cd 16b-93 method.27 The instrument was calibrated with three standards (purchased from
Bruker, Germany) having solid fat contents of 0%, 31.3% and 73.5%.
4.4

Results and discussion
Results of gelation analysis comparison between pure M8 and S8 gels: As the results

presented in Figure 4.1 show, although both M8 and S8 formed stable gels, overall M8 manifested
a higher gelation efficiency and strength than S8 did. In terms of efficiency and thermal strength,
M8 had an MGC value of 1.09% w/v and Tg value of 125 °C while S8 had an MGC value of 2.08%
w/v and Tg value of 63 °C. Since MGC is a measure of gelation efficiency, this insinuates M8 to
be about 200% as efficient as S8 while being about twice as thermally stable as S8. The higher
gelation efficiency of M8 is further corroborated by its oil binding capacity (OBC); it had an OBC
value of 100% versus 74% for S8. Furthermore, M8 has a higher mechanical strength as indicated
by the rheological data presented in Figure 4.1c; M8 had a storage modulus (G’) of 4300 Pa vs
the 2052 Pa for S8, indicating M8 gel to be much more rigid compared to the S8 gel. On the other
hand, the photographic results presented in Figure 4.1f indicate that the gel of S8 had a unique
and desirable physical appearance result; S8 formed gels with a more aesthetic, translucent,
appealing appearance as opposed to the dull, opaque appearance of M8 gels. Another dominance
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of S8 over M8 was noticed in their solid fat content (SFC) measurement, whereby S8 gel had an
SFC value of 2.97% vs 2.13% for M8. The micrographs shown in Figure 4.1g have further
highlighted the difference between M8 and S8; the microscopic images show M8 and S8 to have
fibrous and microcrystalline 3D-networks, respectively.

Figure 4.1. Results of gelation study of M8 and S8 in canola oil: gelation efficiency, gel opacity, and photographs
of the typical gels and optical micrographs of their 3D networks.

4.4.1. Aesthetic property modulation
(1) Effect of M8/S8 ratio on opacity: It could be deduced from the results in Figure 4.1
that each stereoisomeric gelator (M8 or S8) formed gels with uniquely distinct but desirable
properties that are absent in the gels of the other gelator. This led us to deem it smart to
systematically study how the proportion of the two gelators would modulate the imparted strength
and aesthetic appearance associated with M8 and S8 respectively in the resulting gels of their
mixture. Hence, the effect of varying the proportion of the gelators on the properties of the resulting
gels was studied. Photographs of gels with different fractions of M8 (0.0 to 1.0 at 0.1 increments)
90

Chapter 4: Tuning aesthetic & mechanical properties

in M8/S8 mixture showed that resultant gels became more opaque with increasing amount of M8
(Figure 4.2a). This trend was further confirmed by the results of the % transmittance studies in
Figure 4.2b whereby the amount of light transmitted through decreased with increasing proportion
of M8.

Figure 4.2. Transparency results of oleogels in canola oil with varying proportions of M8/S8 gelators. a) Photograph
and b) % Transmittance of the oleogels with increasing proportions of M8.

(2) Effect of M8/S8 ratio on the morphology: The micrographs of gels containing different
proportions of M8/S8 mixtures are shown in Figure 4.3. The results uncover a gradual shift from
microcrystalline to fibrous nature of the underlying network’s morphology, accompanied with an
increase in the fiber length and density, with rising proportions of M8: The fibers were small and
discrete at relatively low M8 concentration, but transitioned into small bundles of fibers and
subsequently followed by fiber elongation and dense fiber networks (shown by arrows in Figure
4.3) as the M8 concentration increased. These findings allude to the opacity of the oleogels being
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enhanced as a result of the orientation and increase in fiber length and density within the gel
network.
The ability to use simple physical mixing of small molecular gelator to dictate the size of
the fiber network (Figure 4.3), which in turn controls degree of transparency (Figure 4.2), could
be potentially exploited in many areas ranging from food and pharmaceuticals to cosmetics.
However, it may have much more potential in the field of cosmetics where it could impart aesthetic
appeal to beauty products.

Figure 4.3. Micrographs of oleogels with increasing M8 proportion

4.4.2. Degree of hardness modulation
Degree of hardness is generally measured in terms of textural and mechanical strength
which are associated with parameters such as melting point, oil retention efficiency and rheological
properties. Differential scanning calorimetry (DSC) and gel-to-sol transition temperature (Tg) are
used for thermal strength determination, whereas minimum gelation concentration (MGC), oil
binding capacity (OBC) and solid fat content (SFC) are used to determine oil retention efficiency.
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(1) Effect of ratio of M8/S8 mixture on thermal strength: As indicated in Figure 4.4a, a
plateau phase in Tg was observed in 0.1 to 0.3 M8 oleogels, indicating that the thermal strength
was not enhanced although M8 concentration was increased. In fact, a slight decrease in Tg of
oleogels can be seen from 0.1 to 0.3 M8 oleogels. This is consistent with the melting point of
oleogels observed during DSC studies (Figure 4.4b). Tg started raising with 0.4 M8 oleogels and
then increased exponentially for 0.5 M8 oleogel, followed by a linear increase in Tg from 0.6 to
1.0 M8 oleogels.

Figure 4.4 Tg and DSC results. a) Tg values, b) DSC (showing the thermal behavior) and c) prominent DSC melting
peaks of the oleogels with varying ratios of M8 and S8 in M8/S8 mixtures.

In case of DSC (Figure 4.4b), the results show an interesting trend which deviates from the
anticipation that the melting point of the oleogels should enhance with increasing M8 fraction. The
deviation could be explained as follows: The melting point for 0.0 M8 represented melting point
of pure S8 gel at around 73 °C. As the fraction of M8 increased from 0.0 to 0.3, the melting point
decreased from 73 to 65 °C (indicated by an arrow) due to colligative-like effect; the small amount
of M8 in the mixture acted as a solute that depressed the melting point of the oleogels. As the M8
fraction became relatively equal to that of S8 (0.4 and 0.5 M8), a second peak was seen in addition
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to the first one, most likely due to different networks/polymorphs being formed independently by
S8 and M8. Formation of independent morphological networks for S8 and M8 gelators was evident
from brightfield micrographs of 0.4 M8 and 0.6 M8 oleogels (Figure 4.3). In addition to the first
peak at 66 °C, a very weak second peak started to appear for 0.3 M8 at 98 °C; for 0.4 M8, the first
peak became weaker at 68 °C while the second peak became stronger at 104.8 °C; and for 0.5 M8,
first peak became very negligible and remnant at 62 °C while the second peak became intense at
117 °C. In general, appearance of two melting peaks in oleogels can be correlated to fats with
different fatty acids. Typical fats possess more than one melting peak due to the presence of
different fatty acids. Having fatty acids with different melting profiles enhance the moldability of
fats when used in foods. In this regard, 0.4-0.6 M8 oleogels can be molded as that of fats in food
products. Apart from having two distinct melting peaks, 0.4-0.6 M8 oleogels also showed a
significant variation in their second melting peak. Oleogels with pure or high M8 content (0.7-1.0
M8) show two melting peaks adjacent to each other at about 122 °C and 126 °C, corresponding to
melting of polymorphic M8 fractions.
Literature suggests that mannitol can exist in three polymorphic states (α, β and δ).28, 29 As
such, mannitol derived molecular gelator (M8) might have existed in two polymorphic states
(detailed investigation on polymorphic state of M8 has to be conducted), corresponding to the
observed adjacent peaks. This kind of polymorphism was seen in oleogels with higher M8
concentration but not in oleogels with lower concentrations, where one M8 melting peak was
observed. Mannitol undergoes polymorphic transition in the presence of moisture or hydrophilic
environment where the –OH groups induce the polymorphic transition from δ to β form.28 In the
present study, the polymorphic states of M8 might have been transitioned to a single stable
polymorphic state when the S8 concentration was relatively equal to that of M8 (0.4-0.6 M8 gels),
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resulting in only one prominent melting peak corresponding to M8. As reported for mannitol in
literature,28 the increase in the amount of hydrophilic moieties from S8 during gelator-gelator
interactions might have induced the polymorphic change. When concentration of S8 was low (0.7
to 1.0 M8 oleogels), polymorphic state of M8 was not affected resulting in the appearance of two
melting peaks at 117 °C and 126 °C. Presence of more than one polymorphic state may affect the
shelf-life of formulations by inducing polymorphic transition which in turn leads to the
destabilization of formulations. A plot showing the prominent peak each M8 fraction is shown in
Figure 4.4c. The results are comparable to those of the Tg values in Figure 4.4a. Based on Tg and
DSC studies, it can be inferred that thermal strength, in other words degree of hardness of oleogels,
decreases with increasing M8 at low M8 (high S8) gelator ratios. This is reversed after 0.4 M8,
implying a synergistic cooperation between the gelators to result in an enhancement in degree of
hardness of the oleogels.
(2) Effect of ratio of M8/S8 on oil retention or gelation efficiency: In general, an increase
in the amount of M8 in the M8/S8 mixture showed an enhancing effect on gelation efficiency,
which can be measured determining MGC (Figure 4.5a), OBC and SFC ((Figure 4.5b). As for
MGC, the general trend in the graph shows that increasing proportions of M8 in the gels was
related to lower MGC value which translates into higher efficiency of M8. However, between 0.1
and 0.4 M8, an anomalous behaviour of gelator efficiency and gel strength was observed. The
MGC was lowered with the addition of M8 and then raised to a near plateau phase between 0.4
and 0.6 M8 oleogels and then lowered again. The MGC results suggest that 0.4 to 0.6 M8 oleogels
showed similar gelation efficiency.
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Figure 4.5. MGC and OBC results. a) MGC values; and b) OBC and % SFC values of the oleogels with increasing
M8 faction the in M8/S8 mixture.

The OBC results in (Figure 4.5b predicts the oil retaining efficiency of a particular gelator
network under the influence of high shear. In this study, centrifugal force has provided the high
shearing conditions. OBC is a measure of the percentage of oil remaining in the gel matrix after
vigorous centrifugation (~8000 rpm). The results presented in (Figure 4.5b show that the
effectiveness of the gel matrix to retain the vegetable oil went up from an OBC value of 74% to
97% for 0.0 M8 to 0.2 M8. The OBC value then dropped to 70% for 0.5 M8 and then gradually
went back up to 100% for 1.0 M8. The observed trend implies that addition of small proportions
of M8 actually strengthened the gel network (as observed in rheology data), resulting in high OBC
values as seen with mixtures with high proportions of M8 (0.6 to 1.0).
Solid fat content (SFC) measurement is very popular as it denotes the total solids (solid
fats) present in a fat sample e.g. shortening, chocolates, butter and etc. Since oleogels do not have
actual solid fats (triglycerides) due to their solid content being provided by the 3D network of
molecular gelators, it should have been more appropriate to use the term solid phase content (SPC)
instead of SFC. However, as oleogels in the current study aim to substitute for solid and trans fats
and to minimize the ambiguity, we would stick to the more popular notation SFC in this
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manuscript. To measure SFC of oleogels, pulsed NMR (p-NMR) was employed as it is very
accurate, reproducible, non-destructive and require very short time (6 sec for each measurement).
The difference in the proton attributes of solid and liquid phases is the basis for the p-NMR
measurements. A short, intense burst of radio frequency is applied to the sample in a powerful
static magnetic field which in turn excites protons in solid and liquid phases of oleogels. When
energy input ceases, the difference in the relaxation times of the protons of solid and liquid
molecules determine the SFC of samples. The protons in solids relax much faster (10 µs) than
those in liquids (> 10 µs), thus indicating the solid-to-liquid ratio in the samples as % SFC. pNMR provides % SFC as a function of sample composition, time, temperature and temperature
history, henceforth, the tested oleogels were conditioned prior to the analysis.
Oleogels were kept at 0 °C for one hour followed by 30 min at 25 °C and then % SFC was
measured at room temperature (25 °C). Pure S8 and M8 oleogels have shown 2.97% and 2.13%
as their % SFC, respectively, and for other oleogels, % SFC has varied between those values with
an exception for 0.2M8 oleogel (Figure 6). The low SFC of oleogels can be attributed to the
concentration (5% (w/v)) of gelators. The low % SFC proves that gelation of canola oil has not
changed the composition of oil as there was no fatty acid saturation or change in isometry (trans
fats formation). In fact, this property, i.e. no chemical change in fatty acid profile during
oleogelation is the main advantage of oleogels towards solid fat substitution.30,

31

It is not

uncommon to have low SFC for oleogels. The % SFC of Bees-wax/Hazelnut oil oleogels was
1.96%, 4.88% and 7.13% at 3%, 7% and 10% gelator concentration, respectively. Though the
gelator is changed from Bees-wax to monoglycerides the % SFC has not changed significantly;
2.33%, 5.85% and 8.52% at 3%, 7% and 10% monoglyceride concentration, respectively.26 Similar
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results (% SFC < 8.69%) were observed in cod liver oil with Bees-wax and carnauba wax oleogels
at the same gelator concentrations (3%, 5% and 10%).32
(3) Effect of M8/S8 ratio on rheological properties: The results in Figure 4.6 show the
effect of M8 proportion on the viscoelastic properties of the gels. According to the amplitude
sweep data (Figure 4.6a), all the gels were stable under oscillatory deformation but gels with
quantities of M8 from 0.2 and 0.6 resulted in higher storage modulus, while samples with other
fractions of M8 resulted in lower storage modulus. High storage modulus corresponds to more
solid-like property or stiffness. Frequency sweep studies (Figure 4.6b) indicate that all the
formulations are true gels as G´ is near parallel to the frequency range. Similarly, based on the
flow ramp data (Figure 4.6c), gels with quantities of M8 from 0.2 to 0.6 possess higher apparent
viscosity, while samples with higher or lower quantities of M8 resulted in lower viscosity. Hence,
presence of M8 in the mixture with S8 seemed to strengthen the overall gel network while higher
or no M8 tended to weaken the network.

a)

b)

c)
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Figure 4.6. Rheology data showing results of a) amplitude sweep, b) frequency sweep, and c) flow ramp.

Degree of hardness is a useful phenomenon in food application and has traditionally been
regulated for decades using partial hydrogenation to adjust the level of crystal content. However,
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the banning of trans-fat has hampered the use of this chemical transformation process and resulted
in a quest for a better alternative. Our results so far from the DSC, Tg, MGC, OBC, SFC and
rheological measurements have shown that a mere physical formulation of the two gelators could
regulate the degree of hardness of the structured oil products (oleogels) without the intervention
of any chemical modification. This formulation method to regulate hardness is a promising
alternative to conventional partial hydrogenation as shown by the presence of polymorphic states
in the DSC results of the oleogels as normally seen with traditional fats, the regulation and
synergistic enhancement of thermal strength observed in Tg results, the control of gelation
efficiency from MGC, OBC and SFC measurements, and the similar properties observed in the
rheological studies.
4.5

Conclusion
In conclusion, starting with two distinct gels, we identified an optimal formulation with

desirable mechanical and aesthetic properties for food and cosmetic applications. The two gelators,
M8 and S8 which are stereoisomers, showed individually unique gelation properties. While M8
was more efficient with higher gel strength, the S8 gels were more aesthetic, translucent, and
appealing in appearance as opposed to the dull, opaque appearance of M8 gels. The study
systematically investigated the effect of varying the proportions of the gelators on gel properties.
The results showed that parameters associated with both aesthetic effect (transparency and % light
transmittance) and gel strength/hardness (melting temperature from DSC, Tg, MGC, OBC, SFC
and G´) generally varied with increasing fraction of M8. The gel morphology also changed from
more microcrystallite to more fibrous-like with increasing proportion of M8. In general, properties
associated pure S8 gel (aesthetic appearance and weak strength) were gradually perturbed to those
related to pure M8 gel (higher gel strength and less aesthetic effect) as the fraction of M8 changed
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from 0.0 to 1.0. Thermal studies have shown that moldable oleogels can be achieved without any
M8 polymorphism at 0.4 to 0.6 M8 fractions. Hence, this work presents a means of modulating
the properties of an oleogel by simply varying the ratio of the two gelators to attain a desired tradeoff in property. This could have scientific significance and application in two distinct fields and in
different ways: i) In cosmetics, the degree of transparency or aesthetic appearance of the gel
product could be influenced by simply controlling the proportion of S8. ii) In food application, the
degree of hardness could be upregulated by increasing the amount of M8. This is comparable to
the use of partial hydrogenation, which has been employed for decades to control the degree of
hardness and depends on the degree of solid fat content. The SFC measurements have shown that
the saturation or isometry of canola oil has not been changed while structuring with S8 or M8 or
both. This is the main advantage of using molecular oleogels towards solid fat substitution.
Therefore, to circumvent the complications associated with partial hydrogenation, a formulation
of the stereoisomers could be used as an ideal alternative to modulate the gel’s degree of
hardness/organoleptic properties.
4.6
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Chapter 5
NON-CALORIC SUGAR ALCOHOL-BASED LOW MOLECULAR
WEIGHT GELATOR FOR OLEOGEL FABRICATION

5.1

Abstract

On the basis of numerous interesting properties including functional and nutritional benefits,
erythritol was selected to design, synthesize, and examine its derivatives for their self-assembly
ability towards oleogelation application. Oleogelation is used to congeal vegetable oils into
viscoelastic oleogels with an ultimate goal of obtaining organoleptic properties, customarily
achieved by hydrogenation into saturated/trans fats. A systematic oleogelation study revealed the
gelation ability of the three, four and five-carbon-chain analogues of erythritol (E-3, E-4 and E-5
respectively) in different vegetable oils. The dependence of oleogelation/self-assembly on
structural variations was investigated via various physicochemical studies like minimum gelation
concentration (MGC), gel-to-sol transition temperature (tg) and rheology studies. Based on the
results obtained, E-3 and E-4 proved to be the most remarkable and effective oleogelators, with
MGC value as low as 1.16%, Tg value as high as 91.0 °C and storage modulus (mechanical
strength) as high as 1200 Pa from the rheological study. These results imply the gelators could
congeal an amount of oil as high as more than sixty-five-times their individual masses. The poor
gelation tendencies of E-5 and E-6, evident from the low efficiency of the former and lack of
gelation altogether in almost all tested oils by the latter, underscore the essentiality of an optimal
hydrophilic-lipophilic balance (HLB) for a successful gelation; as the carbon chain increased from
three and four to five and six (in E-5 and E-6), the HLB value was offset by an increase in overall
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hydrophobicity that was consistent with the observed solvation of E-6 in the oil. Thus, this work
has conceptually demonstrated a means of merging the benefits of erythritol-derived building
blocks with that of healthful vegetable oils, via a benign preparatory method, for the replacement
of current trans fats.
5.2

Introduction
Sugar alcohols have customarily been used as sugar replacers or sweeteners in sugar-

free/low-calorie foods, beverages, chewing gums, cough drops and throat lozenges.1 Such
sweetener-based foods and beverages are often preferred in order to retain sweetness without the
added calories or risk of calorie-related complications such as tooth decay.2 These dietary choices
are particularly crucial in the management of obesity and diabetes mellitus. Examples of sugar
alcohols include sorbitol, mannitol, xylitol, maltitol, lactitol, isomalt and hydrogenated starch
hydrolysates.1 They are reduced or hydrogenated carbohydrates, also referred to as polyols.3-5
Figure 5.1a shows a comparison of sugar alcohols, sucrose and other sugars in terms of calorie
values.6 The much lower calorie index of polyols (Figure 5.1a) is attributed to the incomplete
metabolization by the body leading to this class of sugars being regarded as non-caloric and noncariogenic.1 In terms of sweetness, sugar alcohols are less sweet as shown in Figure 5.1a. In
summary, the low/non-calorie attribute of sugar alcohols informs their extensive usage in a wide
range of sugar-free/low-calorie foods and beverages globally.
Erythritol, (2R,3S)-butane-1,2,3,4-tetraol, is a four-carbon-chain sugar alcohol that elicits
growing interest due to its unique qualities (Figure 5.1b), with propitious applications in food,
cosmetics and medicine. It is found in foods such as pears, melons, grapes, mushrooms, wine, soy
sauce, cheese and fermented foods.7, 8 It is usually produced from the fermentation of glucose,
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from wheat and corn starch, using yeast. As one of the newest sugar alcohols, it is authorized as
safe in food products just as other sugar alcohols and produced commercially since 1990.
Interesting, compare to other sugar alcohols, erythritol has a much lower caloric value, indicative
of a complete lack of metabolization in the gastrointestinal tract; it has a caloric-content of just 0.2
kcal/g, which is designated as non-caloric by the FDA. Its non-caloric and non-cariogenic qualities
make it attractive for diet-related/diabetic food products and children’s food products like candies.
Erythritol is also sweeter than almost all other sugar alcohols. It has 70% the sweetness of sucrose
(Figure 5.1a) despite having almost 0% the caloric content of sucrose. Moreover, it has a clean
aftertaste like sucrose, contrary to most other sweeteners that are associated with undesired
mouthfeel and off tastes. Erythritol is thus often used in conjunction with these sweeteners for
quality improvement. Erythritol is reported as non-laxative, compared to other sugar alcohols, due
to complete absorption from the gastrointestinal track,1,

9, 10

as well as exhibiting antioxidant

properties.1, 7, 10 Moreover, erythritol is produced in microorganisms as mannosylerythritol lipids
(MELs), glycolipid biosurfactants, which have antimicrobial and anticancer properties among
others and used in commercial applications such as cosmetics.11, 12
Oleogelation is a technique used to solidify vegetable oils into viscoelastic oleogels. It aims
at providing vegetable oils with rheological and organoleptic properties, which has customarily
been achieved by chemically modifying the oils through hydrogenation. In the past, partial
hydrogenation6, 13 became an ideal choice due to the ability to control degree of solidity, regulating
the physical properties of products such as baked goods and sweets; however, it leads to trans fats
that have been implicated in health issues like cardiovascular disease risk and banned by Food and
Drug Administration (FDA) as of 2018. Hence, oleogelation is contemporarily being explored as
one potential source of salubrious substitutes for solid fats. The technique entails using specially
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designed molecules capable of self-assembling in vegetable oils to form a matrix that ultimately
immobilizes the oil, modifying its rheological properties and giving it comparable organoleptic
properties as existing solid fats.14-23
Herein, we report the design, synthesis and study of low-molecular-weight gelators using
erythritol as a precursor that is not only bio-safe but also bears numerous nutritional and other
meritorious benefits for oleogelation application. Conjoining the benefits of erythritol and those
of the edible vegetable oils will inevitably make the semi-solid oleogels not only salubrious but
also innocuous for calorie-conscious consumption such as in diabetes and obesity. Hence, the
objective of this study is to systematically study the self-assembly and gelation behavior of
erythritol-derived low molecular weight gelators in organic media. To the best of our knowledge,
employing erythritol, which is regarded as non-caloric sweetener, in oleogelation has not been
exploited as at now. Thus, in this work erythritol was selected as precursor material to design and
biocatalytically synthesize erythritol-derived oleogelators, which were subsequently studied for
their self-assembly and oleogelation capability in various vegetable oils.
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Figure 5.1 a) Comparison of the calorie/energy content (i) and relative sweetness (ii) of selected sugar alcohols and
sugars. b) Properties and features of erythritol.1, 6, 7, 9-12

5.3

Materials and methods

5.3.1. Materials
D-erythritol was obtained from Acros Organics (New Jersey). The vinyl esters were
obtained from Acros Organics. Unless otherwise stated, all solvents and reagents for the synthesis,
thin layer chromatography (TLC), work-up and purification were of ACS grade and purchased
from Acros, TCI or Spectrum Chemicals Ltd. The TLC plates (silica coated aluminum foil) and
silica gel (100 - 200 mesh) were obtained from Fisher Scientific. The enzyme Novozyme 435 was
obtained from Novozymes (U.S.A.). The 1H- and

13

C-NMR recordings were made using the

Varian Mercury 300 MHz NMR Spectrometer, operating at 300 and 75 MHz for 1H- and

13

C-

NMR respectively. Several vegetable oils were used for the oil structuring study. The selected oils
include hazelnut oil, almond oil, canola oil, olive oil, mustard oil, grape seed oil, sesame seed oil,
corn oil and soybean oil.
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5.3.2. Enzymatic synthesis of erythritol-based amphiphiles
The erythritol-based amphiphiles were synthesized by enzymatic synthesis (Figure 5.2).
Novozyme 435 was added to a mixture of the erythritol and vinyl ester (vinyl propionate, butyrate,
valerate or caproate) at a 1-to-3 molar ratio in dry acetone. The reaction mixture was agitated at
250 rpm in an incubator shaker, maintained at 50 °C for about 24 h. Upon the completion of the
reaction monitored by TLC (thin layer chromatography, in 10% methanol in dichloromethane),
the reaction mixture was filtered to isolate the enzyme and the solvent evaporated off under
reduced pressure. The crude solid product was purified by precipitating in and washing with
hexane. All the amphiphiles were obtained as white solids.
5.3.3.

1H-

and 13C-NMR characterization of erythritol-based amphiphiles

The 1H- and

13

C-NMR recordings were made using Varian Mercury 300 MHz NMR

Spectrometer, operating at 300 MHz frequency. All samples were prepared by dissolving about 10
mg for 1H-NMR and 30 mg for 13C-NMR of the amphiphile in about 500 μL DMSO.

Figure 5.2. Schematic illustration showing enzymatic synthesis of erythritol-derived amphiphiles via a simple,
single-step biocatalysis.
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5.3.4. Gelation (oleogelation) and gel analysis
Gelation: Typically, a 5% (w/v) gel was prepared by placing a specific amount of vegetable
oil and the gelator in a vial. The heterogeneous system was heated to afford a homogeneous
dispersion which was allowed to cool slowly to room temperature and then visually observed for
oil structuring.
Minimum gelation concentration: The minimum gelation concentration (MGC) of a
gelator was determined by progressively decreasing its % w/v by adding small volume increments
of the vegetable oil and then subjecting the new mixture to the gelation procedure described above.
The process was repeated through several cycles until gelation ceased to occur. The maximum
amount of solvent immobilized by the given amount of gelator was used to calculate the MGC.
Gel-to-sol-transition temperature: The gel melting temperature, commonly known in the
literature as the gel-to-sol-transition temperature (Tg), was determined by the typical tube inversion
method.20, 24 In a 2 mL scintillation vial, a 5 % w/v gel was prepared as described above. The vial
containing the gel was inverted upside down and completely submerged in an oil-bath equipped
with a thermometer and slowly heated. The temperature at which the viscous gel melted down was
recorded as Tg.
Rheology: Rheology studies (ARES-G2, TA instruments, USA) was performed to discern
and compare the mechanical strength and flow behavior of various erythritol-based oleogels
comprising in grape seed oil. For sample, the linear viscosity region (LVR) was determined via
amplitude strain sweep while keeping the frequency constant at 0.1 Hz. Frequency sweep was
carried out while keeping the strain rate at a constant value in LVR.
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5.4

Results and discussion
In an effort to develop oleogels that could potentially substitute for current saturated/trans

fats, we have resorted to the use of enzymatic biocatalysis for the derivatization of the sugar
alcohol erythritol (Figure 5.2). The enzymatic catalysis renders the procedure simple, single-step,
regiospecific and requiring little to no purification, besides the synthesized building blocks also
having superior qualities due to the choice of erythritol as a starting material. The qualities of the
building blocks include being renewable, biocompatible/degradable and cost-effective in addition
to potentially imparting erythritol’s desirable qualities such as being non-caloric, non-cariogenic
and antioxidant as numerated in the introduction.
5.4.1. Enzymatic synthesis of erythritol-based amphiphiles
As indicated in Table 1, notwithstanding the simplicity of the biocatalysis, the efficacy of
this method was quite good. Moderate to very high yields were obtained for the syntheses of the
four derivatives, with yields as high as about 96%. From a practical point of view, the effectiveness
and efficacy of the employed methodology is important in case of commercializing the production
of the amphiphiles.
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Table 5.1. Percent yields, compound #’s and abbreviations assigned to the synthesized erythritol-based
amphiphiles.

Serial #

R

Compound #

Abbr.

% Yield

1

COC2H5

3a

E-3

75.0

2

COC3H7

3b

E-4

80.1

3

COC4H9

3c

E-5

96.2

4

COC5H11

3d

E-6

96.0

All reactions were carried out at 50 °C for 24 hours. Abbr. = abbreviation.

Interestingly, the data also shows an increasing trend in percent yield from the shorterchain derivatives to the longer-chain derivatives of erythritol: about 75, 80, 96 and 96 % for E-3,
E-4, E-5 and E-6 respectively. The difference in yield observed seems to suggest that the various
vinyl esters may have different compatibility with the reaction medium, resulting in the yields
increasing as the number of carbons increases from vinyl propionate (C3) and vinyl butyrate (C4)
to vinyl valerate (C5) and vinyl caproate (C6). The information on this dependency of the solubility
of the reacting moieties in the reaction medium is vital from a practical point of view. In a scenario
whereby a particular amphiphile needs to be commercially produced, a full-fledged optimization
of the reaction conditions could be carried out to customize the conditions for the synthesis of the
respective sugar-vinyl ester combination.
5.4.2. NMR characterization results
(2R,3S)-2,3-dihydroxybutane-1,4-diyl dipropionate, 3a (E-3): 1H NMR (300 MHz,
DMSO-d6) δ ppm 5.07 (d, J = 5.8 Hz, 2H), 4.19 (dd, J = 11.2, 2.4 Hz, 2H), 3.96 (dd, J = 11.2, 6.2
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Hz, 2H), 3.57 (m, 2H), 2.31 (m, 4H), 1.03 (t, J = 7.5 Hz, 6H); 13C NMR (75 MHz, DMSO-d6) δ
ppm 174.21, 69.65, 66.29, 27.29, 9.47.
(2R,3S)-2,3-dihydroxybutane-1,4-diyl dibutyrate, 3b (E-4): 1H NMR (300 MHz, DMSOd6) δ ppm 5.06 (d, J = 5.7 Hz, 2H), 4.19 (dd, J = 11.2, 2.4 Hz, 2H), 3.96 (dd, J = 11.3, 6.2 Hz, 2H),
3.56 (m, 2H), 2.28 (t, J = 7.3 Hz, 4H), 1.56 (m, 4H), 0.89 (t, J = 7.4 Hz, 6H); 13C NMR (75 MHz,
DMSO-d6) δ ppm 173.37, 69.69, 66.20, 35.86, 18.39, 13.94.
(2R,3S)-2,3-dihydroxybutane-1,4-diyl divalerate, 3c (E-5): 1H NMR (300 MHz, DMSOd6) δ ppm 5.06 (d, J = 5.7 Hz, 2H), 4.19 (dd, J = 11.2, 2.4 Hz, 2H), 3.95 (dd, J = 11.2, 6.2 Hz, 2H),
3.56 (m, 2h), 2.29 (t, J = 7.4 Hz, 4H), 1.53 (dd, J = 8.8, 6.0 Hz, 4H), 1.26 (dt, J = 7.4, 3.6 Hz, 4H),
0.86 (t, J = 6.9 Hz, 6H); 173.30, 69.71, 66.33, 36.14, 26.61, 18.37, 13.93
(2R,3S)-2,3-dihydroxybutane-1,4-diyl dicaproate, 3d (E-6): 1H NMR (300 MHz, DMSOd6) δ ppm 5.06 (d, J = 5.7 Hz, 2H), 4.19 (dd, J = 11.2, 2.4 Hz, 2H), 3.95 (dd, J = 11.2, 6.2 Hz, 2H),
3.56 (m, 2h), 2.29 (t, J = 7.4 Hz, 4H), 1.53 (dd, J = 8.8, 6.0 Hz, 4H), 1.26 (dt, J = 7.4, 3.6 Hz, 8H),
0.86 (t, J = 6.9 Hz, 6H); 174.20, 69.70, 66.23, 35.84, 26.60, 24.70, 18.39, 13.94.
5.4.3. Gelation and gel analysis
Oleogelation using amphiphiles involves the process of molecular gelation of vegetable oil
to yield a molecular gel referred to as an oleogel. The only condition under which the amphiphiles
would self-assemble and undergo gelation, rather dissolving into or precipitating out of the solvent,
is if they possess the optimal hydrophilic-lipophilic balance (HLB). Therefore, to study the selfassembly and gelation ability of the erythritol-based amphiphiles in oils, it is imperative to subject
them to gelation test in several different vegetable oils. The nine vegetable oils selected for the
gelation studies were hazelnut oil, almond oil, canola oil, olive oil, mustard oil, grape seed oil,
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sesame seed oil, corn oil and soybean oil. The systematic studies started with gelation test, the
results of which are shown in Table 5.2. This was followed by various analyses to probe the
efficiency of self-assembly and gelation.

Table 5.2.

Gelation results.
Vegetable oils

E-3

E-4

E-5

E-6

Hazelnut oil

G

G

G

S

Almond oil

G

G

G

S

Canola oil

G

G

G

G

Olive oil

G

G

G

G

Mustard oil

G

G

G

S

Grape seed oil

G

G

G

G

Sesame seed oil

G

G

G

G

Corn oil

G

G

G

G

Soybean oil

G

G

G

G

G = gel, PG = partial gel, S = solution, P = precipitate.

Gelation test: Table 5.2 shows the results of the gelation test of the E-3, E-4, E-5 and E-6
in the selected oils, prepared at 5 % (w/v) concentration. From the data, erythritol-derivatives have
exhibited the ability to gel in almost all nine vegetable oils. The only exceptions were E-6 in
hazelnut oil, almond oil and mustard oil. This deviation could be attributed to the increase in alkyl
chain length from the other derivatives to E-6, which increases the overall hydrophobicity of the
molecule and is consistent with the observed dissociation of E-6 (designated as “S” in Table 5.2)
in the hydrophobic solvents.
Minimum gelation concentration (MGC): Minimum gelation concentration (MGC)
indicates the least amount of a gelator required to gel an oil. It is thus a quantitative measure of the
efficiency of the gelator in a particular solvent; the lower the value the more efficient the gelator
is. The pictorial representation of the MGC values in Figure 5.3 indicates that C3 and C4
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derivatives of erythritol (E-3 and E-4) are generally more efficient gelators than their C5 and C6
counterparts in the tested vegetable oils. The average MGC value of each gelator in all oils are
1.52, 1.90, 2.43 and 4.85% (w/v) for E-3, E-4, E-5 and E-6 respectively. The lowest MGC value
in at least one oil is 1.19% w/v for E-3, 1.16% w/v for E-4, 2.00% for E-5 and 2.63% w/v for E-6.
This observation implies that as chain length increases the solvent-amphiphile interaction gets
strong, which favors dissolution and weakens the amphiphile-amphiphile interaction. Hence, this
leads to less favorable self-assembly and less efficient gelation.

Figure 5.3. Minimum gelation concentration of the four erythritol-derived gelators E-3, E-4, E-5 and E-6 in nine
different vegetable oils.

Gel-to-sol transition temperature (Tg): Gel-to-sol transition temperature, or Tg , is the
melting point of a gel and it quantifies the thermal stability of the gel.The pictorial representation
of the Tg values in Figure 5.4 indicates that C3 derivative of erythritol (E-3) has a higher Tg relative
to any of its other counterparts, E-4 and E-5, that formed gel at 5% (w/v). The highest Tg value
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observed for E-3 was 91.0 °C, while those observed for E-4 and E-5 were 66.0 and 60.0 °C
respectively. Furthermore, E-3, E-4 and E-5 have overall average Tg values of 88.6, 57.5 and 44.8
°C respectively. This comparison shows that the subtle difference in alkyl tail length (by only one
or two carbons) of the C3, C4 and C5 derivatives has greatly influenced the interactions between
the molecules. It shows a less favorable and cooperative interaction for the C5 or C4 derivative
than for the C3 derivative. This points to the fact that as chain length increases the 3D network of
the gelator matrix weakens due to more solvent-amphiphile interaction and less self-assembly
between the amphiphiles. Hence, the C3 derivative self-assembles into a stronger 3D network than
that formed by the C5 or C4 derivative, and can hence withstand temperatures as high as 91.0 °C
before its gel reverts to the solution state.

Figure 5.4. Gel-to-sol transition temperature values the three erythritol-derived gelators E-3, E-4 and E-5 that
formed gel at 5 % w/v in five selected vegetable oils.

Rheology: The mechanical strength of the oleogels prepared using E-3 and E-4 oil was
investigated using rheological experiments. The strain amplitude and frequency dependent
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experiments were conducted on 5 % w/v oleogels using grape seed oil (Figure 5.5) in order to
discern the relative sturdiness of the congealed vegetable oils. In rheology, storage modulus (G’)
gives a measure of the elasticity of a material whereas the loss modulus (G”) gives a measure of
the flow behavior (viscosity) of the material under stress. Generally, G’ being greater than G” is
characteristic of a stable gel (more solid-like state) and vice versa is the characteristic of a sol state.
Figure 5.5a shows the oscillatory strain response of a 5 % w/v E3 and E-4 oleogels in grape seed
oil. This was carried out by varying strain over a range of % strain values 10-2 to 102 % at a constant
frequency of 1 Hz. Both E-3 and E-4 oleogels exhibited fairly high rheological properties.
However, although E-3 has shown a better MGC and Tg values, E-4 showed a better storage
modulus (G’). Interesting, the highest G’ for E-3 (over 1200 Pa) is over twice that of E-4 (over
540 Pa), across linear viscosity region or LVR (i.e. about % strain values 0.001 to 0.01 %). To put
these seemingly contradictory trends into perspective, it is worth to note that storage modulus is
measure of stiffness, which may not account for the resilience of the gelator network. Therefore,
though E-3 has higher gelator efficiency and thermal stability, E-4 has demonstrated higher rigidity
or stiffness, which is related to brittleness. Figure 5.5b shows a typical frequency sweep
experiment whereby the variation of G’ and G’’ was monitored as a function of applied frequency
under a constant percent strain of 0.01 %. For both oleogels, G’ was found to be higher than G’’
without overlapping throughout the experimental region (0.01 to 10 Hz). Consistent with the strain
sweep results, the storage modulus of E-4 was still higher than that of E-3. Nevertheless, the results
have shown that both gelator could form robust self-assembled network to yield storage modulus
over 500 Pa.
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Figure 5.5. Rheology data of 5% w/v of E-3 and E-4 in grape seed oil. a) Strain amplitude sweep and b) Frequency
sweep.

5.5

Conclusion
In conclusion, this work has successfully demonstrated an ideal means of replacing current

saturated and trans fats using a novel, non-caloric-based oleogels; the method is economical,
benign and salubrious. Among the synthesized erythritol-based building blocks—which are
renewable, biocompatible/ degradable, cost-effective and potentially imparted with erythritol’s
desirable qualities like being non-caloric, non-cariogenic and antioxidant—E-3 and E-4 have
shown excellent oleogelation capabilities in a wide selection of vegetable oils such canola oil,
olive oil, mustard oil, grape seed oil, sesame seed oil, corn oil and soybean oil. These two emerged
as the best erythritol-based oleogelators with the optimal HBL values and better oleogelation
tendency after a systematic and rigorous testing and screening. E-3 and E-4 could solidify the oils
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with average minimum gelation concentrations of 1.52 and 1.90% w/v, respectively, indicating
their efficiency toward gelation of edible oils. These results translate into, on average, the former
could congeal an amount of oil more than sixty-five-times its mass while the latter could do so for
an amount more than fifty-two-times its mass. The results of the study also showed that the
networks formed by E-3 and E-4 in the oleogels are strong enough to withstand temperatures as
high as 91.0 and 66.0 °C respectively. Both E-3 and E-4 also showed fairly good rheological
properties, with highest storage modulus over 500 Pa under a strain amplitude sweep experiment.
However, though E-3 has slightly better MGC and Tg values, E-4 has high storage modulus. This
is indicative of fact that, though E-3 has higher gelator efficiency and thermal stability, E-4 is more
rigid or stiff, which associated with more brittleness. Under the frequency experiment, both were
able to maintain their structure by exhibiting fairly flat curves without the G’ crossing the G’’. In
summary, the erythritol-based gelators have exhibited great versatility towards oleogelation by
gelling a wide range of vegetable oils, with great organoleptic properties. The work conceptually
demonstrates a viable means of merging the benefits of erythritol-derived building blocks with
that of healthful vegetable oils via a benign preparatory method for the replacement of current
trans fats.
5.6
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Chapter 6
SUCRALOSE-BASED LOW MOLECULAR WEIGHT GELATOR
FOR HYDROGELATION APPLICATION

6.1

Abstract

Sucralose differs from sucrose only by having three Cl groups instead of OH groups. It has
intriguing features such as being noncaloric, noncariogenic, 600 times sweeter than sucrose and
stable at high temperatures/acidic pH’s, and lacking disagreeable aftertastes. These properties
make it attractive as food additive, one of which is as hydrogel that could be obtained via the
technique of molecular gelation using a sucralose-derived low-molecular weight gelator (LMWG).
Such hydrogels are highly responsive to external stimuli like temperature, because the LMWGs
self-assemble via non-covalent interactions, and could thus be utilized in applications like controlrelease. We found sucralose to be unreactive under lipase bio-catalysis, unlike sucrose.
Hence, the aim is to synthesize the sucralose-based amphiphiles using conventional chemical
synthesis and systematically study their tendency towards hydrogelation that could potentially be
used in food application. The sucralose-based LMWGs were synthesized using base-catalyzed
conventional chemical synthesis. Three of the sucralose-based amphiphiles (SL-5, SL-6 and SL7) proved to be successful hydrogelators. The gelators also showed the ability to gel selected
beverages. The LMWGs gelled quantities of water and beverage up to 71 and 55 times their weight,
respectively, and remain stable up to a maximum 144 °C. In summary, the properties of sucralose
and our results render sucralose an ideal candidate for hydrogelation application especially in food.
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6.2

Introduction
Sucralose

(1,6-dichloro-1,6-dideoxy-β-D-fructofuranosyl-4-chloro-4-deoxy-α-D-

glactopyranoside), which was inadvertently discovered in 1976, is an artificial sweetener and the
active ingredient of the commercial product Splenda.1, 2 It is commercially derived from sucrose
which is in turn mainly obtained from sugar cane (Figure 6.1a). It is sustainable and cost-effective
since the precursory molecule is highly renewable and abundantly grown in the tropics, such as in
Brazil, where favourable conditions like sunlight and water are ample.3, 4 The US Food and Drug
Administration (FDA) first approved it for use in limited foods and drinks in 1998 and then later
approved it for use in all foods and drinks as “general purpose” sweetener in the following year.
From a chemical point of view, sucralose differs from sucrose by having three chlorine groups
instead of OH groups (Figure 6.1a). Initially, the presence of chlorine in a food material caused
apprehensions. However, these were successfully placated by the positive results of the lengthy
and elaborated evaluations that are customarily carried out for a new food additive. Its approval
by the FDA is a testimony to that. Examples of chlorine’s presence in other consumables include
drinking water, some life-saving drugs and table salt.
The interest in sucralose has emanated from its unique features. Owing to the structural
difference compared to sucrose (Figure 6.1a), sucralose has several interesting features and merits.
It is noncaloric5, 6 and therefore safe particularly for diabetic patients; it provides crucial dietary
options that may be especially helpful in the management of obesity and diabetes mellitus. Studies
have shown sucralose to be almost entirely excreted via feces, which indicates inadequate
absorption in the intestines as a result of lack of digestion by the hydrolytic enzymes.7 It is also
noncariogenic and hence ideal for making food products such as candies for children since it does
not promote tooth decay or dental caries, which is normally caused by metabolization of sugar by
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oral bacterial.1, 3, 8, 9 Non-caloric sweeteners such as sucralose offer good alternatives to sugar since
they deliver sweetness in void of the dietary concerns as mentioned. Sucralose is very efficient in
terms of sweetness; it is more than 600 times sweeter than sucrose.5, 10-12 Additionally, it has a
sensory profile comparable to that of sucrose without disagreeable aftertastes like bitterness. It is
highly crystalline, water soluble and quite stable at high temperatures and acidic pH’s.

Figure 6.1. Scheme showing sucralose, its precursor sucrose, commercial brand Splenda and some of its unique
features.

In light of its unique properties and features, sucralose will certainly be a potential
candidate for deriving food additives. One such application is a hydrogel obtained via the
technique of molecular gelation using a sucralose-derived low-molecular weight gelator (LMWG)
(Figure 6.1b). The process of molecular gelation entails using specially designed molecules
capable of self-assembling in a liquid solvent to form a 3D-network. The network ultimately
immobilizes and modifies the rheological properties of the solvent into a viscoelastic semi-solid
(Figure 6.1b).13-22 The specially designed molecules must be amphiphilic in nature in order to
induce the propensity to self-assemble as long as an optimal hydrophilic-lipophilic balance (HLB)
in that particular solvent is attained. When the solvent is aqueous, the molecular gel is known as a
hydrogel. Hydrogels from LMWGs have recently attracted great attention due to their unique
properties over ones from polymeric gelators. Such hydrogels are highly responsive to external
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stimuli like temperature and light since the LMWGs self-assemble via non-covalent interactions
only. These hydrogels could be utilized in drug delivery where triggers could be used for burst
release; they are highly deformable for injection; and their strength can be easily regulated by
varying gelator concentration.23-26 A rational molecular design would involve appending lipophilic
alkyl chain to sucralose to afford sucralose-based amphiphiles. Hence, the amphiphilic molecules
would have the ability to entrap the aqueous solvent to enable the fabrication of a supramolecular
hydrogel.27, 28
In theory, enzymatic or conventional chemical synthesis could be used to chemically
modify sucralose into amphiphiles. However, in practice, our preliminary study has shown that
sucralose, unlike sucrose, is unreactive under biocatalytic conditions using lipase enzyme, which
is consistent with its reported lack of reactivity by hydrolytic enzymes in the body. Due to this lack
of enzymatic reactivity, the aim of this work is to synthesize the sucralose-based amphiphiles using
conventional chemical synthesis and systematically study their tendency towards hydrogelation
that could potentially be used in food application. To the best of our knowledge, such study on
sucralose has not yet been carried out. Thus, in this study, sucralose was selected as a precursor
material to design sucralose-derived low-molecular weight hydrogelators for subsequent selfassembly in aqueous media.
6.3

Experimental section

6.3.1. Materials
Sucralose was obtained as a gift from Tate & Lyle, Inc., Decatur, IL. Tetrahydrofuran
(THF) (99.9%), triethylamine (TEA) (99%), ethylacetate, hexane, acetone, chloroform and
methanol were purchased from Acros Chemicals (Fisher Scientific Company, Suwannee, GA.).
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Butyroyl chloride (99%) and hexanoyl chloride (97%) were purchased from Acros Organics (New
Jersey, USA). N-caprylyl chloride and oleoyl chloride were purchased from TCI America
(Portland, OR). Lauroyl chloride and stearoyl chloride were purchased from TCI America (Tokyo
Chemical Industry Co., LTD, Tokyo, Japan). All solvents for the reactions, thin layer
chromatography and gelation studies, including ones not mentioned above, were of ACS grade
and were purchased from Acros, TCI or Spectrum Chemicals Ltd. Silica gel (100 - 200 mesh) was
obtained from Fisher Scientific.
6.3.2. Testing reactivity under enzymatic conditions
The sugar (sucrose or sucralose) and vinyl octanoate, at a 1-to-3 ratio, were placed in a
screwed top Erlenmeyer flask containing acetone and Novozymes. The mixture was incubated at
50 °C and agitated at 250 rpm for 48 hours. The reaction was monitored using thin layer
chromatography (TLC).
6.3.3. Synthesis of sucralose-based amphiphiles using conventional chemical method
Typically, the sucralose-alkanoates (butyrate, SL-4; valerate, SL-5; caproate, SL-6;
heptanoate, SL-7; caprylate, SL-8; and laurate, SL-12) analogs were synthesized as follows
(Figure 6.2a): To a cold solution of sucralose (1.02 g, 2.52 mmol) in 30 mL of dry THF, TEA
(0.36 mL, 2.52 mmol) was added and stirred under nitrogen atmosphere at around -5 to -10 °C.
While stirring the solution, acyl chloride (2.27 mmol) dissolved in dry THF (6 mL) was added
dropwise over a period of about 10 minutes. The solution was stirred at room temperature for about
an additional 4 hours, after which the reaction was quenched by adding water. The crude product
was extracted with chloroform from its aqueous mixture, concentrated under reduced pressure and
purified using flash column chromatography (60:40 and 90:10 ethylacetate:hexane). The pure
product was obtained as a white solid and characterized as described below.
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Figure 6.2. a) Synthesis of sucralose-based amphiphiles. b) The process of molecular gelation comprising selfassembly, fiber entanglement and solvent immobilization.

6.3.4. Characterization of sucralose-based amphiphiles
1

H- and

13

C-NMR (300 and 75 MHz respectively, Varian Mercury NMR Spectrometer)

were performed on the pure sample by using about 8 mg for 1H-NMR and 25 mg for 13C-NMR
of the sample in about 500 μL DMSO-d6. MS (Waters Micromass LCT) data was recorded using
about 0.5 mg of the sample in about 50 μL of chloroform/methanol mixture. IR (Nicolet 380, neat)
spectrum was recorded using about 0.2 mg of amphiphile directly on the crystal diamond of the
spectrometer. Melting point was determined using about 0.2 mg of amphiphile. Elemental Analysis
was performed by sending a sample to Atlantic Microlab in Georgia.
6.3.5. Gelation test on the sucralose-based amphiphiles in various polar and nonpolar
fluids
Gelation test: The gelation tendency of the amphiphiles was tested in solvents such water,
methanol, ethanol, isopropanol, acetonitrile, heavy mineral oil and diesel. Typically, 15 mg of each
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amphiphile in 300 µL of each solvent was heated until the solid was completely dissolved. The
resulting solution was allowed to slowly cool to room temperature. Gelation was visually observed
via the tube inversion method. A gel sample was obtained when the sample exhibited no flow
under the pull of gravity. Additionally, one of the amphiphiles that exhibited gelation of the regular
solvents was tested for its gelation tendency toward a selected number of beverages – Pepsi,
Mountain Dew, Gatorade and Mango Juice. Gelation of the beverages was carried out as described
above for the regular solvents.
Gelation analysis: Minimum gelation concentration (MGC), a measure of gelator
efficiency, was determined as follows: 50 µL increment of solvent was added and the resulting
new mixture was subjected to the gelation procedure and analyzed for formation of a gel as
previously described. If the immobilized-state of solvent was still obtained, the cycle was repeated
again until no gel formation was observed. The maximum amount of solvent immobilized by the
given amount of gelator was recorded and the MGC calculated as % wt/v. Gel-to-sol transition
temperature (Tg), a measure of thermal stability melting point of the gel, was determined by the
typical tube inversion method. A 2-mL scintillation vial containing a gel sample was immersed in
an oil-bath ‘upside down’ and slowly heated. The temperature at which the viscous gel melted
down was recorded as gel-to-sol transition temperature (Tg). The morphology of the gel 3Dnetwork was probed using an optical microscopy as follows: the self-assembled sample to be
imaged was prepared by refluxing about 10 mg of the amphiphile in about 250 mL of water until
a clear solution was obtained. The resulting solution was allowed to stand undisturbed for about
five to seven days to allow the formation of self-assembled fibers. The optical micrograph of the
fibers was obtained using the LEICA IM50 Version 4.0 microscope.
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6.4

Results and discussion

6.4.1. Testing synthesis under enzymatic conditions
Results based on our preliminary studies have shown that sucralose was unreactive under
enzymatic conditions using lipase in different solvents such as acetone and t-butyl alcohol. In
contrast, sucrose, which is different only by virtue of having 3 OH groups instead of chlorine
groups, has undergone reaction under the same enzymatic conditions to generate a mixture of
products. This is consistent with sucralose being reported as unreactive towards hydrolytic
enzymes in the body.
6.4.2. Results of the synthesis
Since sucralose was found to be unreactive using lipase enzyme, conventional chemical
route was employed to append the sucralose with alkyl chains from acyl chloride via a simple SN2
mechanism. After a string of optimizations that involved parameters such as solvent, catalyst,
reaction time and purification method, reaction was carried out using TEA as a base-catalyst in
THF at 0 °C to room temperature for a duration of 4 hours (Figure 6.2a). Optimized conditions
resulted in moderate yields ranging from about 31 to 44% as numerated in Table 6.1. The reaction
led to multiple products, with the major one resulting from the acylation of the primary hydroxyl
group and minor ones from thee acylation of the competing secondary hydroxyl groups. The
product was isolated using flask chromatography. The minor side-side products were not isolated.
The sucralose-based LMWGs were fully characterized using various physicochemical
techniques. The formation of the amphiphiles was mainly confirmed using 1H and 13C NMR. The
other analyses include mass spectrometry (MS), melting point (Mp), infrared (IR) and elementary
analysis. Generally, the 1H NMR spectrum of the amphiphiles exhibited four doublets within the
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range of δ 5.1 to 5.7 ppm that corresponded to the four protons attached to the four sugar-skeletal
hydroxyl groups. It exhibited a doublet at around δ 5.3 ppm that corresponds to the anomeric
proton. Two doublets of a doublet appeared at about δ 4.5 and 4.2 ppm, one doublet at δ 4.4 ppm,
and three multiplets within the ranges δ 3.9 – 4.1, δ 3.7 – 3.9 and δ 3.5 – 3.7, all of which
corresponded to sugar-skeletal protons. The terminal methyl group protons of the hydrophobic tail
were observed at around δ 0.8 ppm. Protons of the methylene group directly attached to the
carbonyl were deshielded and appeared at around δ 2.4 ppm. All other protons of the hydrophobic
tail appeared between δ 1.2 – 1.7 ppm. The

13

C NMR showed a peak at round δ 174 ppm that

corresponded to the carbonyl carbon. The signals appearing between δ 40 – 104 ppm corresponded
to sugar-skeletal carbons. The methyl carbon of the hydrophobic tail was observed at around 14
ppm, and all the methylene carbons of the hydrophobic tail between δ 20 – 35 ppm.

Table 6.1. Percent yields, compound #’s and abbreviations assigned to the synthesized sucralose-based
amphiphiles.

Serial #

R

Compound #

Abbr.

% Yield

1

COC3H7

3a

SL-4

44.0

2

COC4H9

3b

SL-5

40.0

3

COC5H11

3c

SL-6

31.0

4

COC6H13

3d

SL-7

34.0

5

COC7H15

3e

SL-8

34.0

6

COC11H23

3f

SL-12

35.0

All reactions were carried out at 50 °C for 24 hours. Abbr. = abbreviation.
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FT-IR spectrum of each of the amphiphiles showed characteristic peaks corresponding to
ῡ-OH (H-bonded) at around 3400 cm-1 and, except for SL-5 and SL-6, ῡ-OH (free hydroxyl) at around
3600 cm-1. The peak corresponding to saturated carbon–hydrogen appeared at around 2900 cm-1,
ester C=O bond at around 1730 cm-1, and C–O bond at around 1200 cm-1. Mass spectrometry
results further confirmed the existence of each amphiphile by giving the respective exact molecular
mass with a difference of less than 0.002 relative to the calculated exact mass. The results also
showed correct molecular peak pattern (i.e., 27:27:9:1 for M : M+2 : M+4 : M+6) for all
amphiphiles. Elemental Analysis further confirmed the structures of the amphiphiles. The results
were consistent with that of the other characterization techniques such as 1H and

13

C NMR. A

detailed characterization data is given below.
Sucralose-Butyrate (SL-4): 1H NMR (300 MHz, DMSO-d6): δ = 5.65 (d, J = 5.83 Hz, 1H);
5.40 (d, J = 4.89 Hz, 1H); 5.25 (m, 2H, 1H); 5.19 (d, J = 3.91 Hz, 1H), 5.12 (d, J = 5.86 Hz, 1H),
4.59 (dd, J = 2.93 Hz, J = 8.30 Hz, IH), 4.40 (d, J = 3.42 Hz, IH), 4.18 (dd, J = 3.42 Hz, J = 11.70
Hz, IH), 4.08 - 3.92(m, 3H), 3.90 - 3.74 (m, 4H), 3.70 -3.50 (m, 3H), 2.31 (t, J = 2.31 Hz, 2H),
1.57 (m, 2H), 0.80 (t, J= 6.84). 13C NMR (75 MHz, DMSO-d6): δ = 173.74, 103.84, 93.96, 82.49,
78.00 – 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70, 35.96, 18.83,14.35. Mp. 104-115
°C. MS m/z, (M + Na): Calculated, 489.0464; Found, 489.0474. IR (neat), cm-1: 3600, 3400, 2900,
1730, 1200. Elementary Analysis Anal. Calcd: C, 41.09; H, 5.39; Cl, 22.74. Found: C, 40.46; H,
5.71; Cl, 22.18.
Sucralose-Valerate (SL-5): 1H NMR (300 MHz, DMSO-d6): δ = δ = 5.65 (d, J = 5.83 Hz,
1H); 5.40 (d, J = 4.89 Hz, 1H); 5.25 (m, 2H, 1H); 5.19 (d, J = 3.91 Hz, 1H), 5.12 (d, J = 5.86 Hz,
1H), 4.59 (dd, J = 2.93 Hz, J = 8.30 Hz, IH), 4.40 (d, J = 3.42 Hz, IH), 4.18 (dd, J = 3.42 Hz, J =
11.70 Hz, IH), 4.08 - 3.92(m, 3H), 3.90 - 3.74 (m, 4H), 3.70 -3.50 (m, 3H), 2.31 (m, 2H), 1.57 (m,
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2H), 1.34 (m, 2H), 0.80 (t, J = 6.90). 13C NMR (75 MHz, DMSO-d6): δ = 173.78, 103.84, 93.96,
82.49, 78.00 – 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70, 33.88, 27.46, 22.59, 14.66.
Mp 127-133 °C. MS m/z, (M + Na): Calculated, 503.0621; Found, 503.0624. IR (neat), cm-1: 3600,
3400, 2900, 1730, 1200. Elementary Analysis Anal. Calcd: C, 42.38; H, 5.65; Cl, 22.08. Found:
C, 41.41; H, 5.94; Cl, 21.30.
Sucralose-Hexanoate (SL-6): 1H NMR (300 MHz, DMSO-d6): δ = 5.65 (d, J = 5.83 Hz,
1H); 5.40 (d, J = 4.89 Hz, 1H); 5.31 – 5.10 (m, 2H) 5.09 (d, J = 5.86 Hz, 1H), 4.59 (dd, J = 2.93
Hz, J = 8.30 Hz, IH), 4.40 (d, J = 3.42 Hz, IH), 4.18 (dd, J = 11.70 Hz, J = 3.42 Hz, IH), 4.08 3.92(m, 3H), 3.90 - 3.74 (m, 4H), 3.70 -3.50 (m, 3H), 2.31 (t, J = 2.31 Hz, 2H), 1.50 (m, 2H), 1.30
(m, 4H), 0.85 (t, J = 6.83). 13C NMR (75 MHz, DMSO-d6): δ = 173.78, 103.84, 93.96, 82.49, 78.00
– 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70, 34.12, 31.63, 25.05, 22.76, 14.88 (CH).
Mp 122-124 °C. MS m/z, (M + Na): Calculated, 517.0777; Found, 517.0762. IR (neat), cm-1: 3600,
3400, 2900, 1730, 1200. Elementary Analysis Anal. Calcd: C, 43.61; H, 5.90; Cl, 21.45. Found:
C, 43.44; H, 6.35; Cl, 19.84.
Sucralose-Heptanoate (SL-7): 1H NMR (300 MHz, DMSO-d6): δ = 5.65 (d, J = 5.86 Hz,
1H); 5.40 (d, J = 4.89 Hz, 1H); 5.25 (d, J = 9.77 Hz, 1H); 5.19 (d, J = 3.91 Hz, 1H), 5.12 (d, J =
5.86 Hz, 1H), 4.59 (dd, J = 2.93 Hz, J = 8.30 Hz, IH), 4.40 (d, J = 3.42 Hz, IH), 4.18 (dd, J = 3.42
Hz, J = 11.72 Hz, IH), 4.08 - 3.92 (m, 3H), 3.90 - 3.74 (m, 4H), 3.70 -3.50 (m, 3H), 2.31 (t, J =
2.10Hz, 2H), 1.57 (m, 2H), 1.30 (s, 6H), 0.80 (t, J = 6.84). 13C NMR (75 MHz, DMSO-d6): δ =
173.73, 103.80, 93.96, 82.49, 78.00 – 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70,
34.15, 31.86, 29.08, 25.31, 22.91, 14.84. Mp 137-141°C. MS m/z, (M + Na): Calculated, 531.0934;
Found, 531.0919. IR (neat), cm-1: 3600, 3400, 2900, 1730, 1200. Elementary Analysis Anal.
Calcd: C, 44.76; H, 6.13; Cl, 20.86. Found: C, 43.22; H, 6.45; Cl, 19.97.
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Sucralose-Caprylate (SL-8): 1H NMR (300 MHz, DMSO-d6): δ = 5.60 (d, J = 5.81 Hz,
1H); 5.39 (d, J = 4.86 Hz, 1H); 5.30 – 5.10 (m, 2H), 5.12 (d, J = 5.86 Hz, 1H), 4.59, 4.38 (d, J =
3.42 Hz, IH), 4.17 (m, IH), 4.08 - 3.92(m, 3H), 3.90 - 3.74 (m, 4H), 3.70 -3.50 (m, 3H), 2.31 (t, J
= 3.01 Hz, 2H), 1.60 - 1.15 (m, 10H), 0.80 (t, J = 6.84).

13

C NMR (75 MHz, DMSO-d6): δ =

173.74, 103.84, 93.96, 82.49, 78.00 – 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70,
34.15, 32.07, 29.32, 25.36, 22.99, 14.79. Mp 99-110 °C. MS m/z, (M + Na): Calculated, 545.1090;
Found, 545.1082. IR (neat), cm-1: 3600, 3400, 2900, 1730, 1200. Elementary Analysis Anal.
Calcd: C, 45.86; H, 6.35; Cl, 20.30. Found: C, 45.11; H, 6.76; Cl, 19.76.
Sucralose-Laurate (SL-12): 1H NMR (300 MHz, DMSO-d6): δ = 5.63 (d, J = 5.86 Hz,
1H); 5.41 (d, J = 4.90 Hz, 1H); 5.24 (d, J = 9.63 Hz, 1H); 5.19 (d, J = 3.91 Hz, 1H), 5.12 (d, J =
5.86 Hz, 1H), 4.53 (m, IH), 4.40 (d, J = 3.42 Hz, IH), 4.18 (dd, J = 3.42 Hz, J = 11.72 Hz, IH),
4.08 - 3.92(m, 3H), 3.90 - 3.74 (m, 4H), 3.70 - 3.50 (m, 3H), 2.31 (m, 2H), 1.57 (s, 2H), 1.30 (s,
16H), 0.80 (t, J = 6.33 Hz).

13

C NMR (75 MHz, DMSO-d6): δ = 173.74, 103.84, 93.96, 82.49,

78.00 – 76.00, 72.10, 70.00 – 68.00, 64.50, 62.00, 46.40, 44.70 (CH2–Cl); 34.18, 32.30, 29.18,
29.98 -29.45, 25.38, 23.10,14.94. Mp 76-80 °C. MS m/z, (M + Na): Calculated, 601.1716; Found,
601.1714. IR (neat), cm-1: 3600, 3400, 2900, 1730, 1200. Elementary Analysis Anal. Calcd: C,
49.70; H, 7.13; Cl, 18.34. Found: C, 48.73; H, 7.23; Cl, 17.34.
6.4.3. Gelation and morphological studies
A successful gelation, as shown in Figure 6.3a, requires an optimal balance between the
crystallization (3D-network or SAFIN formation) and solubilization of the low-molecular weight
amphiphiles. In hydrogelation, hydrophobicity facilitates SAFIN formation while hydrophilicity
facilities solubilization (vice versa is true in organogelation). This phenomenon is illustrated by
the data shown in Table 6.2. With polar solvents like water, methanol, ethanol and isopropanol,

132

Chapter 6: Sucralose-based LMWG for hydrogelation Application

amphiphiles with relatively high hydrophilicity (short hydrophobic alkyl chain length) like SL-4
remain solubilized, whereas ones with high hydrophobicity (long hydrophobic alkyl chain length)
like SL-12 precipitate out of solution.

Figure 6.3. a) Images of hydrogels: (i) formed with SL-5, (ii) formed with SL-6 and (iii) formed with SL-7. b)
Images of beverage-gels using SL-6 gelator: (i) Pepsi; (ii) Mountain Dew; (iii) Gatorade and (iv) Mango Juice. c) An
image and micrographs of SL-8 fibers in water. d) Optical micrographs of the SL-8 fibers.

According to our results, optimal hydrophilic-lipophilic balance (HLB) for hydrogelation
was achieved for the sucralose-derived amphiphiles when alkyl chain lengths of 5, 6 and 7 (SL-5,
SL-6 and SL-7 respectively) were used; this is manifested in the hydrogelation ability of these
amphiphiles as shown in Table 6.2 and Figure 6.3a. SL-7 has the best gelation efficiency among
the three hydrogelators as it has a minimum gelation concentration of 1.4% g/mL, which implies
it can gel a quantity of water more than 71 times its weight, whereas SL-6 has MGC of 2.0% g/mL
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(gels a quantity of water about 58 times its weight) and SL-5 has MGC of 2.0% g/mL (gels a
quantity of water about 50 times its weight).
Our results also indicate that all three hydrogelators have Tg values above 100 °C, with SL6 having the highest value (144 °C), followed by SL-7 (135 °C), and then SL-5 (125 °C). Thus,
the order of most to least thermally stable is SL-6, SL-7 and SL-5 respectively.

Table 6.2.

Gelation, MGC, and T g results of sucralose-base amphiphiles using selected regular solvents.
Gelation (MGC, % w/v) (Tg, °C)
Methanol,
Solvent
Water

Ethanol,

Mineral Oil,

Isopropanol,

Diesel

Acetonitrile

SL-4

SL-5

SL-6

SL-7

SL-8/
SL-12

S

S

I

(n/a)

(n/a)

(n/a)

(n/a)

(n/a)

(n/a)

G

S

I

(2.0)

(n/a)

(n/a)

(125)

(n/a)

(n/a)

G

S

I

(1.7)

(n/a)

(n/a)

(144)

(n/a)

(n/a)

G

S

I

(1.4)

(n/a)

(n/a)

(135)

(n/a)

(n/a)

I

I

S

(n/a)

(n/a)

(n/a)

(n/a)

(n/a)

(n/a)

Gelation Results: G = Gel, S = Sol, I = Insoluble; Values in the two parentheses are MGC & Tg values respectively;
n/a implies no gel was available for analysis
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In order to test the gelation tendency of the hydrogelators (SL-5, SL-6 and SL-7) towards
selected beverages, SL-6 was used with Pepsi, Mountain Dew, Gatorade and Mango Juice. Our
results (Table 6.3 and Figure 6.3b) indicate very high gelation tendency towards all the four
beverages. The Mango Juice-gel has MGC of 1.8% g/mL (gels quantity of beverage more 55 times
weight of gelator), Pepsi-gel and Mountain Dew-gel have MGC of 2.0% g/mL (gels quantity of
beverage about 50 times weight of gelator) and Gatorade-gel has MGC of 2.2% g/mL (gels
quantity of beverage about 45 times weight of gelator).

Table 6.3.

Gelation, MGC and T g results of SL-6 using selected beverages
Gelation (MGC, % w/v)
Pepsi

Mountain dew

Gatorade

Mango juice

G (2.0)

G (2.0)

G (2.2)

G (1.8)

G = Gel; values in parenthesis are MGC value in mg/100 µL

To further study to self-assembly tendency of the sucralose-based amphiphiles, they were
made to grow in water into fibers, which were subsequently studied under an optical microscope.
Since both gelation and such fiber growth are governed by the same weak interactions such as Hbonding and van der Waals interactions, this has provided a means to elucidate and give cues as
to the types of morphology and interactions present in a gel. As shown in Figure 6.3c, the fibers
SL-8 in water could be clearly seen as white clusters in the vial. Figure 6.3d shows the micrograph
of the fibers as elongated and entangled strands. Hence, this demonstrates the ability of sucralosebased amphiphiles to self-assemble into such elegant networks of fibrous strands.
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6.5

Conclusion
After proving to be non-reactive under enzymatic conditions, a base-catalyzed

conventional chemical synthesis was used to successfully synthesize the sucralose-base lowmolecular weight gelators with moderate yields. The amphiphiles were characterized using 1H and
13

C NMR, MS, FT-IR and Elemental Analysis, which consistently confirmed the formation and

purity of the amphiphiles. The subsequent hydrogelation studies revealed three of the sucralosebased amphiphiles (SL-5, SL-6 and SL-7) had gelation tendency towards water, qualifying them
as LMWGs (low molecular weight gelators) for water or low molecular weight hydrogelators.
Interestingly, the shorter-chained SL-4 remained solubilized in the aqueous medium due to being
too hydrophilic and while the longer-chained SL-8 and SL-12 precipitated out of solution due to
being too lipophilic; this is again consistent with the absence of an optimal HLB in either case.
The gelators were tested for their ability to gel selected beverages, which proved successful.
Further analyses showed the sucralose-based LMWGs had very high gelation efficiency as well as
thermal stability. The hydrogelators could congeal a quantity of water up to 71 times their weight,
and a quantity of beverage up to 55 times their weight. The thermal stability studies yielded Tg
values of 144 °C, 135 °C and 125 °C for SL-6, SL-7 and SL-5 respectively. In conclusion, the
special features of sucralose such as being non-caloric, non-cariogenic and derived from a
renewable resource renders it an ideal candidate for hydrogelation study, especially as food
additive without concerns about diabetes or obesity. It could have potential application in the areas
such as food e.g. making candies and drug delivery.
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Chapter 7
UNRAVELLING THE SECRET OF SEED-BASED GELS IN WATER: THE
NANOSCALE 3D NETWORK FORMATION*

7.1

Abstract

Chia (Salvia hispanica) and basil (Ocimum basilicum) seeds have the intrinsic ability to form a
hydrogel concomitant with moisture-retention, slow releasing capability and proposed health
benefits such as curbing diabetes and obesity by delaying digestion process. However, the
underlying mode of gelation at nanoscopic level is not clearly explained or explored. The present
study elucidates and corroborates the hypothesis that the gelling behavior of such seeds is due to
their nanoscale 3D-network formation. The preliminary study revealed the influence of several
conditions like polarity, pH and hydrophilicity/hydrophobicity on fiber extrusion from the seeds
which leads to gelation. Optical microscopic analysis clearly demonstrated bundles of fibers
emanating from the seed coat while in contact with water, and live growth of fibers to form 3D
network. Scanning electron microscope (SEM) and transmission electron microscope (TEM)
studies confirmed 3D network formation with fiber diameters ranging from 20 to 50 nm.
7.2

Introduction
Gels, from the body of a jellyfish and bacterial cell wall to the pith of the aloe vera plant,

are ubiquitous in nature and have expedient applications in a plethora of areas such as in food,
cosmetics and drug-delivery. Probing the process of gelation is a passion and a key topic of
research in our group.1-11 The gelation studies entail designing low-molecular-weight gelators
(LMWGs) that have the propensity to hierarchically self-assemble via non-covalent interactions
*Part of this work has been published in Sci. Rep., 2018, 8, 1-8.
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into a 3D self-assembled fibrillar network (SAFiN). The nanoscale SAFiN entraps the solvent to
form a gel known as a molecular gel (MG). The entrapment and immobilization of a solvent pool
(water, organic solvent or oils) into a gel by a nanoscale 3D network of synthetic gelators has been
well documented.12-17
Interestingly, chia (Salvia hispanica) and basil (Ocimum basilicum) are inherently
predisposed to undergo the process of gelation in water (Figure 7.1a) without the intervention of
chemical design and synthesis, prompting our scientific curiosity to probe their mode of gelation.
Both chia and basil seeds are annual herbaceous crops of the Lamiaceae family, known to be the
ancient food of the future. Chia is used as a nutritional supplement and to produce cereals, bars
and cookies, while basil is commonly used in a variety of ways including as food, culinary herb
and traditional medicine.18, 19 Chia and basil are covered (coated) with polysaccharides: a tetramer
of glucose, xylose and glucuronic acid in a 1:2:1 ratio, for chia,20 and primarily xylose, arabinose,
rhamnose, and galacturonic acid in a 15:9:7:12 ratio, for basil19, 21 (Figure 1c). The ability of these
natural materials like chia and basil to produce gel/mucilaginous substance has vital ecological
functions such as self-propagation, stability during flooding and survival in harsh environmental
conditions22-24. The exceptional water retaining properties have imparted to the seeds desirable
qualities that have key applications such as food thickening and emulsion preparations.25, 26 The
mucilaginous jelly substance has been reported to slow down digestion and prolong the release of
glucose or food into the bloodstream.25-27 This property is associated with multiple health benefits
like alleviating obesity, over-eating, and other similar diet-related health problems including type
II diabetes and its complications.25-28

140

Probing mode of gelation in seed-based gels

Figure 7.1. a) Chia and basil gels; seed gels: (i) chia, (ii) basil; mucilage gels: (iii) chia, (iv) basil; upside down: (v,
vii) chia, (vi, viii) basil. b) Illustration of gelation based on the current notion and our hypothesis; (i) Current notion:
gel formation is merely due to the seed’s mucilage swelling in or coagulating water; (ii) Hypothesis: mucilage of chia
contains nanoscale fibers that extend in water to form 3D network, entrapping and “congealing” water to form a gel.
c) chemical structures of reported compositions:20, 21 (i) chia repeating oligomer; (ii) basil repeating oligomer.
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In this study, we intended to affirm the resemblance between the nature of the gel network
formed from these seeds with that formed from synthetic gelators. We questioned the adequateness
of the current notion that seeds like chia and basil form a gel in water merely by the mucilage
coagulating or swelling in water (Figure 7.1b(i)); we deemed the explanation to fall short of
shedding enough light on the gelation mechanism at nanoscale level. We henceforth hypothesized
that the mucilage of such seed contains fibrous materials/strands that extend out in the presence of
water and interconnect with those of other nearby seeds to form a nanoscale 3D network (Figure
7.1b(ii)); the network “congeals” water to form a gel just as seen with SAFiNs in the case of
LMWGs. The goal was to unravel the fundamental process and demystify the hydrogelation of the
seeds at microscopic level. Although the composition and gelation of such seeds have been
reported (Figure 1c),20, 21 to the best of our knowledge, an investigation to reveal the nanoscale
fiber and the assembled 3D architectures associated with the gelation of such seeds remains
unexplored. The main tool used to verify and confirm our working hypothesis involved using
various microscopic techniques; however, we began with preliminary gelation studies to deduce
and understand how various parameters like solvent polarity and pH influenced the network
formed by the mucilage. Optical, scanning electron and transmission electron microscopes were
subsequently used for imaging. Optical microscopy was used to zoom in and elucidate how the
fibers grew around the seed in water. Scanning and transmission electron microscopies were then
used to explore the nature of the fibers, particularly size and configuration, in the network at
nanoscale. This knowledge will inevitably be important in materials design and further health
benefits associated with consumption of such seeds.29, 30 Exploring intricate natural processes and
nature's responsive mechanisms is vital in the process of bio-inspired innovations and future biointerface materials discovery. Therefore, an understanding of the gelation and gelation mechanism
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of natural seeds has foreseeable potential for the development of improved, functional food
materials that have similar benefits as seen with chia and basil.
7.3

Materials and methods

7.3.1. Materials
Chia and basil seeds were obtained from a local store. Unless otherwise stated, all the
solvents were obtained from Sigma-Aldrich and used as received. Canola oil was obtained from a
local store. Congo red dye and Methylene blue dye were obtained from Sigma-Aldrich.
7.3.2. Gelation and effect of various parameters
Gelation: Typically, gelation of the seeds was performed by adding a specific amount of
the seeds (for a specific % w/v) to a vial containing the solvent. The mixture was left to settle for
a few minutes and then visually verified for gelation. The usual wait time for gelation was about
15 to 20 minutes; if partial or no gel was obtained, the sample was continued to be monitored for
up to 300 minutes (5 hours) just to ensure that the correct status (gel, partial gel or no gel) was
assigned. Gelation was characterized by expansion of the seeds, no phase-separation, and no flow
upon inverting the vial upside down. Partial gelation was characterized by the seeds becoming
puffier, making the whole system significantly more viscous, instead of the seeds remaining the
same or shrinking.
Effect of seed-to-water ratio: Different seed-to-water ratios in deionized water, as % gram
of seed/mL of solvent, were systematically prepared and confirmed for gelation/partial gelation as
described above. Minimum amount of seed required to gel water was determined and recorded as
MGR (minimum gelation ratio).
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Effect of solvent polarity: The effect of polarity on seed gelation was tested by using
different solvent systems containing 0 to 100% ethanol in water at 10% increments. The amount
of seed and solvent system used for the study was determined using the MGR value and the
gelation carried out and verified as described above.
Effect of mode of addition of components of the mixture: How the order of adding water
and ethanol components in their 50:50 mixture affected gelation was studied by either adding one
(or the other) first and by adding them together. The amount of seed and solvent system used for
the study was determined using the MGR value and the gelation carried out and verified as
described above.
Effect of pH: The effect of pH on gelation was studied using pH solutions from pH 1 to
pH 14. The solutions were prepared using HCl and NaOH stock solutions and the pH measured
using a digital pH meter (VWR sympHony Meter, SB80PC). The amount of seed and solvent
system used for the study was determined using the MGR value and the gelation carried out and
verified as described above.
Effect of hydrophobic solvents: The effect of solvent hydrophobicity on gelation was
studied by using pure hexane or canola oil. The amount of seed and solvent system used for the
study was determined using the MGR value and the gelation carried out and verified as described
above.
Mucilage extraction and gelation: A mixture of deionized water and about 15% of chia
or 6% of basil seed was frozen and then freeze-dried to afford the dried, fluffy mucilage covering
the surface of the seed core. The mucilage was extracted by gently rubbing the mucilage covered
seeds on a metallic mesh of a strainer. Mucilage gelation was done by adding different amount of
the mucilage to deionized water and then verified as described above.
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Rheology: The mechanical strength of the chia and basil mucilage gels was studied using
rheology. Different mucilage-to-water ratios ranging from 0.5 to 2.5% w/v in deionized water were
used for the study. For each ratio, the linear viscosity region (LVR) was determined via amplitude
strain sweep while keeping the frequency constant at 1 Hz. Next, frequency sweep was carried out
while keeping the strain rate at a constant value in LVR.
7.3.3. Optical microscope imaging of fiber growth
Optical microscope imaging of grown fibers: The samples were prepared by partially
gelling the seeds in water to grow the fibers and then dyed with Congo red or Methylene blue in a
6x4 multiwell plate. The dyed fiber samples were viewed using the Nickon TiE optical
microscope. In an attempt to see more vivid individual fibers, urea, a known hydrogen bond
breaker, was added to some of the samples in addition to the dye.
Optical microscope live video recording of fiber growth: Chia seeds were secured with
Krazy glue about 1 mm apart in a well of a multi-well-plate. Upon focusing the microscope, few
drops of water were added to the seeds and recording immediately started using the attached
camera.
7.3.4. Electron microscope imaging of fiber growth
Scanning electron microscopy (SEM): The fiber samples for the SEM study were
prepared by gelling the seeds in water, freezing, lyophilizing, gold-coating to render the fibers
conductive to the SEM electron beam. The Zeiss Supra 55 VP scanning electron microscope was
used for the imaging.
Transmission electron microscopy (TEM): The TEM samples were prepared by gelling
the seeds in water, placing drops of the fiber solution onto TEM grids, and incubating resulting
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samples at about 60 °C for about 24 hrs to ensure complete drying. The ZEISS 902 transmission
electron microscope was used to record the micrographs.
7.4

Results and discussion

7.4.1. Effects of different parameters on gelation.
The preliminary study enabled discerning the nature of the material covering the surfaces
of seeds such as that of chia and basil via probing how the seeds behaved as each of several gelation
parameters was varied. Figure 7.1a shows typical hydrogels of the seeds as well as their mucilages.
The results of how various parameters influence the gelation of chia and basil seeds are
tabulated in Figure 7.1. The ratio dependent experiment has shown that both chia and basil seeds
were quite compatible with water and the feasibility of gel formation increased with increasing
seed-to-water ratio. Chia formed hydrogel at seed-to-water ratio of 15% or higher while basil
formed hydrogel at seed-to-water ratio of 6% or higher; below the respective seed-to-water ratios,
the seeds merely formed partial gels and did not formed self-standing gels. Hence, 15% w/v and
6% w/v are the minimum gelation ratios (MGRs) of chia and basil, respectively, as shown in
Figure 7.1a. This observed MGR difference between the seeds suggests basil to be a more
effective gelator and implies that the type of seed used is as equally important factor as the amount
of seed in hydrogelation of these seeds. This conspicuously enhanced gelation capability of basil
seed is attributed to the repeating units in basil having more branches compared to chia as seen in
Figure 1-c. Chia is a linear polymer with only one sugar unit as the side chain on the sugar
backbone, whereas in basil every sugar unit in the backbone is attached to a side chain that is
monomeric, dimeric or tetrameric in nature. The more complex branching in basil leads to an
efficient 3D network and better gelation capacity.
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The results presented in Figure 7.1a also indicate that small amount is needed when
mucilage is used instead of the whole seed; that is, MGR values of only 1.5 and 1.2% w/v were
needed when the mucilages were used as opposed to 15 and 6% when whole seeds were used for
chia and basil, respectively. This is consistent with the fact that the mucilage is only a small
fraction of the whole seed.

Table 7.1.

The effects of various gelation parameters on gelation of chia and basil seeds.

a) Seed-towater ratio

b) Polarity:
% EtOH in H20

c) Mode of adding
50:50 H20/EtOH

Substance

MGR
(% w/v)

0

10,
20

30,
40

50- Water
100*
1st

Chia seed

15

G

N

N

N

Chia
mucilage

1.5

--

--

--

Basil seed

6.0

G

G

Basil
mucilage

1.2

--

--

d) pH

e) Hydrophobic
solvent

together

EtOH
1st

1

2

3-11

12

13, 14

hexane

Canola

PG

N

N

N

PG

G

G

PG

N

N

--

--

--

--

--

--

--

--

--

--

--

PG

N

PG

N

N

N

PG

G

PG

PG

N

N

--

--

--

--

--

--

--

--

--

--

--

--

G = gel; PG = partial gel; N = no gel; MGR = minimum gelation ratio; EtOH = ethanol; * 50, 60, 70, 80, 90, 100%.

The effect of polarity on seed gelation was studied by progressively using increasing
amounts of ethanol in water (Figure 7.1b). Using deionized water resulted in gelation in the cases
of both seeds. For chia, 10 to 100% ethanol in water resulted in no gel formation. For basil, 10 and
20% ethanol in water resulted in gel formation with a few droplets of water dripping upon inversion
of the vial, 30 and 40% ethanol in the mixture resulted in partial gel, and 50 to 100% ethanol in
the mixture resulted in no gel formation. Similar results were obtained using methanol instead of
ethanol. These results suggest a polar nature to the gel-forming agent on the surface of the seeds,
which are more compatible with more polar solvents.
Our investigation also showed the order the water and ethanol were added in their mixture
influenced whether the seeds partially gelled or not (Figure 7.1c). Adding water first led to partial
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gelling of the seeds while adding ethanol first did not lead to gelation at all. This can be explained
by the fact that adding water first induced the process of gelation, which was arrested as soon as
ethanol was added. Adding water and ethanol simultaneously did not give any observable gelation
due to the solvent mixture’s lower polarity as mentioned earlier. As observed with effect of polarity
study, methanol/ethanol solvents yielded analogous outcomes.
As shown in Figure 7.1d and Figure 7.2, chia seeds formed gel at pH 3 to 12 and a partial
gel at pH 2, 13 and 14; and did not gel at pH 1. Basil seeds formed gel at 3 to 11, partially gelled
at pH 2, 12, 13 and 14, and did not gel at pH 1. The polarity and pH studies seem to suggest that
basil fared better in less polar solvent systems than chia did; it gelled or partially gelled in up to
40% ethanol solvent system whereas chia had only negligible gelation ability in 10 and 20%
ethanol solutions. This implies the composition of the gelling agent (the mucilage) of basil to be
slightly less polar than that of chia.

Figure 7.2. Photographs showing gelation of chia and basil gels in different pH solutions – pH 1 to 14: a) 15% w/v
chia seed in respective pH solutions; b) 6% w/v basil seed in respective pH solutions.
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Interestingly, our investigations have revealed that, once the seeds were allowed to first
fully or partially form gel in water, the addition of ethanol or highly acidic or basic solution did
not have much effect on the already-formed gel or partial gel despite lack of compatibility with
ethanol or extreme pH solution. The expectation was that, once added to the mixture of seed and
water, the ethanol or extreme pH solution would diffuse into the existing water, changing the native
polarity and hence leading to the shrinkage of the mucilage or the weakening of the formed gel.
Not observing the anticipated result could be logically attributed to the fact that the extended fiber
in the mucilage clung tightly to a layer of water surrounding the fiber, preventing that layer from
freely mixing with the added ethanol and hence retaining the original polarity at the immediate
vicinity of the fiber; in other words, the layer of water at the proximity of the fibers does not
partition freely into the added ethanol. Moreover, adding highly acidic (pH 1) solution to a formed
or partially formed gel in water showed similar result; the acidic solution did not significantly
disrupt the already gelled or partially gelled seeds in water.
Figure 7.1e indicates that hydrophobic solvents like pure hexane and canola oil did not
lead to gelation. As expected, this is consistent with the reported polar composition of the
mucilage.
Extraction of the mucilage—via soaking, freezing, freeze-drying, and gently rubbing-off—
revealed that about 10% of chia seed or 21% of basil seed were made up of the mucilage. This
agreed with the fact that only a minimum (or MGR value) of 1.5% of the chia mucilage instead of
15% of chia seed or 1.2% of basil mucilage instead of 6% of basil seed is required to form a
hydrogel. The MGR values of the mucilages were about 10% and 20% of the MGR values of the
chia and basil whole seeds respectively.
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Finally, the rheological data revealed the mechanical strengths of the chia and basil gels
with different mucilage-to-water ratios. As shown in Figure 7.3, both chia and basil exhibited good
mechanical strength in the gel state. They both showed increasing storage modulus with increasing
mucilage-to-water ratio, 0.5% to 2.5% w/v. The chia gels showed storage moduli ranging from
6.69 Pa for the 0.5% gel to 59.52 Pa for the 2.5% gel. In comparison, the basil gels showed higher
storage moduli ranging from 30.80 Pa for the 0.5% gel to 188.29 Pa for the 2.5% gel. The higher
storage modulus seen for basil correlates with a greater affinity of its fibers for water, which is
partly attributed to about 28% of the repeating unit of basil is galacturonic acid while only about
25% of the repeating unit of chia is glucuronic acid. The composition of basil mucilage is xylose,
rhamnose, arabinose and galacturonic acid (15:9:7:12) whereas that of chia mucilage is xylose,
glucose and glucuronic acid (2:1:1). From these ratios, we calculated basic sugar acid unit
percentages. Additionally, the much enhanced storage modulus seen with basil correlates with
stronger 3D network formation, which is attributed to the fact that the basic repeating unit in basil
has more branches compared to that of chia (Figure 1c). The much more complex branching of the
basil sugar repeating unit—with monomer, dimer and tetramer side chains—results in more
efficient interaction and overlapping to form a more mechanically strong 3D network.
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Figure 7.3. Rheology data on hydrogels of different mucilage-to-water ratios: a) chia mucilage gels, 0.5% w/v to
2.5% w/v; b) basil mucilage gel, 0.5% w/v to 2.5% w/v.

7.4.2. Microscopic studies.
Optical microscopy. Optical micrographs of grown chia seed fibers, alongside a
photograph of chia seed gel, are shown in Figure 7.4a. The evenly spaced out seeds in the gel (as
also seen in Figure 7.1) led us to believe that there must be some sort of fibers responsible for
separating the seeds apart as well as entrapping the water molecules.

Figure 7.4. a) Optical micrographs of chia seed fibers dyed with Congo Red (seen as bundle of fibers) and Methylene
Blue (seen as interconnected fibers between two seeds), (i) and (ii) respectively; photograph of an inverted chia seed
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gel (iii); b) Optical microscope video: snapshots of live fiber growth using an optical microscope: (i), no water was
added; (ii-vi), number of minutes representing the duration of time elapsed after water was added.

The optical microscope results gave evidence of some kind of filaments extending around
or between adjacent seeds. The images in Figure 7.4a(i & ii) show bundles of extended fibers of
part of a chia seed soaked in water-dyed with Congo red (Figure 7.4a(i)) and Methylene blue
(Figure 7.4a(ii)). However, the difficulty to see distinct individual fibers still persisted.
Snapshots from the optical microscope live video recording of basil fiber growth are shown
in Figure 7.4b (also see Supporting Video S1). The figure shows two basil seeds secured in place
in a well of a multi-well-plate. Figure 7.4b(i) shows the seeds with no water and no fibers could
be seen on the seed surfaces. Upon adding water, the fibers started to grow from the surfaces of
the two seeds towards one another at a remarkable speed. The snapshot of the fiber growth after 1
minute is shown in Figure 7.4b(ii). With the progression of time, the fibers from one seed
continued to approach those of the other seed until the fibers were almost touching/overlapping as
shown by snapshots after 2, 3, 5 and 13 minutes respectively in Figure 7.4b(iii to vi); see supporting
information for Video S1, and Video S2 (nucleation and growth of a low-molecular weight gel 3D
network) for comparison.
Scanning electron microscopy (SEM). Despite optical microscopy, in conjunction with
using dyes and live video recording, alluded to the nanoscopic nature of fibers responsible for
gelation, it was not able to reveal distinct individual fibers or 3D network as hypothesized from
the beginning; it only revealed bundles of fibers. Therefore, electron microscopy was explored for
further investigation. Figure 7.5a shows SEM micrographs obtained using the ZEISS Supra 55 VP
electron microscope. The SEM analyses resulted in an enhanced means of zooming in to deduce
the nature of the fibers covering the surface of the seeds. The samples were prepared by forming
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chia seed hydrogel, which was then lyophilized in order to carefully void the gel of its water
content while leaving the fibers in their extended state. The extremely dried, lyophilized samples
were viewed under the SEM. The SEM imaging corroborated our hypothesis (Figure 7.5a); we
observed an extensive network of nanoscale fibers extended from proximate seeds into all
directions at about 4400X magnification (Figure 7.5a(i)). Furthermore, an even higher
magnification (~150000X) revealed nanoscale fibers with diameters around 50 nm (Figure
7.5a(iii)).
This breakthrough observation confirms our hypothesis and sheds light on the fundamental
mechanism behind the gelation of these seeds at the nanoscale level. It has a major implication to
the science of gelation of such seeds, since their mode of gelation had not been thoroughly
scrutinized or understood.24 The mode of gelation of unrefined materials like chia and basil seeds
was only casually regarded as undergoing “coagulation” or “swelling,” although that of
synthesized molecules or refined natural macromolecules has been found be via the interaction of
nanoscale fibers to form a 3D network. Consequently, for the first time, our discovery of such
elegant 3D structure formation by seeds like chia and basil at nanoscale level (Figure 7.5a) will
inevitably give more insight about how such seeds undergo gelation through the formation of 3D
network of fibers at the aforementioned sublevel to induce hydrogelation. This would potentially
provide grounds to study and mimic the efficiency of nature (biomimicry) to develop designed
gels, 3D architectures and soft materials, as well as pave way to discovery of more gel-forming
materials for targeted applications.
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Figure 7.5. a) SEM micrograph of gold-coated chia seed fibers: at (i) 4,400X magnification, (ii) 30,000X
magnification, and (iii) 150,000X magnification showing fiber diameter of ~50 nm. b) TEM micrograph of dropcasted aqueous solution of chia seed fibers: (i) zoomed image showing fiber diameters as low as ~20 nm, (ii) inset
showing full image.

Transmission electron microscopy (TEM). In addition to the SEM results, the
transmission electron microscope (TEM) revealed a network of distinct fibers, as shown in Figure
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7.5-b. The figure shows fibers within the vicinity of 20 nm to 30 nm in diameter. In light of these
results, the nanoscopic nature of the fibers and 3D network of such mucilages that undergo
hydrogelation has been further corroborated.
7.5

Conclusion
This work has successfully shown the involvement of nanoscale 3D network and fibers in

the gelation process of the mucilage of seeds like chia and basil as hypothesized, providing a link
between the studied seeds’ mucilages and their known properties such as moisture retention and
curbing of obesity, diabetes, and other diet-related conditions. The results were achieved via a
systematic study that involved probing the influences of different parameters on gelation/partial
gelation, imaging/video recording with an optical microscope, and finally imaging with scanning
electron microscope (SEM) and transmission electron microscope (TEM) on samples prepared by
gold coating and drop-casting on TEM grid respectively. One scientific merit of the results
constitutes a more comprehensive understanding of such mucilages, especially at a time when
efforts are geared towards sensitizing the public to adhere to healthy lifestyles such as consuming
whole grains/fibers.18, 31 Moreover, as innovations often build upon understanding of nature, this
work could be a stepping stone towards biomimetic design of next generation materials in personal
care, medicine, agriculture, controlled delivery devices and cosmetics. Furthermore, the effect of
ethanol on the degree of gelation/partial gelation of the mucilage could potentially be used to
control the fiber extrusion in areas where the extent of fiber growth could have influence e.g. in
the recovery of metals such as silver via reduction using such plant-based natural materials.32-34
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Appendix 1.

Structures of the synthesized mannintol, sorbitol and xylitol based amphiles,

together with their abbreviations, compound numbers, and both common and systematic names.

a) Mannitol-derived amphiphiles
Abbr. Comp. #

Structure

Common Name

Systematic Name

M-4

5a

mannitol
dibutyrate

(2R,3R,4R,5R)-2,3,4,5tetrahydroxyhexane-1,6-diyl dibutyrate

M-8

5b

mannitol
dicaprylate

(2R,3R,4R,5R)-2,3,4,5tetrahydroxyhexane-1,6-diyl dioctanoate

M-10 5c

mannitol
dicaprate

(2R,3R,4R,5R)-2,3,4,5tetrahydroxyhexane-1,6-diyl bis(decanoate)

M-12 5d

mannitol
dilaurate

(2R,3R,4R,5R)-2,3,4,5tetrahydroxyhexane-1,6-diyl didodecanoate

M-14 5e

mannitol
dimyristate

(2R,3R,4R,5R)-2,3,4,5tetrahydroxyhexane-1,6-diyl
ditetradecanoate

Common Name

Systematic Name

sorbitol dicaprylate

(2R,3R,4R,5S)-2,3,4,5-tetrahydroxyhexane1,6-diyl dioctanoate

G-8* 7b

galactitol
dicaprylate

(2R,3S,4R,5S)-2,3,4,5-tetrahydroxyhexane1,6-diyl dioctanoate

X-8

xylitol
dicaprylate

(2R,3r,4S)-2,3,4-trihydroxypentane-1,5-diyl
dioctanoate

b) Vinyl caprylate-derived amphiphiles
Abbr. Comp. #
S-8

Structure

6b

8b

a) All reactions were carried out at 50 °C for 24 to 48 hrs; b) Abbr. = abbreviation & Comp. = compound;
*G-8 product was never obtained under the enzymatic conditions; hence, the structure shown here is the attempted product rather
than the synthesized product.
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Appendix 2.

NMR data on mannitol dibutyrate (M-4). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 3.

NMR data on mannitol dioctanoate (M-8). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 4.

NMR data on mannitol didecanoate (M-10). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 5.

NMR data on mannitol didodecanoate (M-12). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 6.

NMR data on mannitol ditetradecanoate (M-14). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 7.

NMR data on sorbitol dioctanoate (S-8). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 8.

NMR data on xylitol dioctanoate (X-8). (a) 1HNMR and (b) 13C-NMR.

(a)

(b)
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Appendix 9.

Classification and composition of the three used crude oils: South Louisiana Crude

Oil (SLCO), Arabian Light Crude Oil (ALCO) and Prudhoe Bay Crude Oil (PBCO).1, 2
South Louisiana Crude Oil
(SLCO)

Crude oil:

Arabian Light Crude Oil
(ALCO)

Prudhoe Bay Crude Oil (PBCO)

Physical Properties
API gravity*

36.61

31.95

26.46

Density (g/cm3)

0.840

0.864

0.894

7

14

39

Very Light

Light

Heavy

Dynamic Viscosity
(cP) (at 15 °C)

Classification

Chemical Composition
Sulfur (wt %)
(classification)

0.0
(sweet)

2.0
(sour)

0.9
(sour)

Paraffins (% vol)

79

63

27

Naphthenes (% vol)

45

18

36

Aromatics (% vol)

19

19

28

Paraffinic

Paraffinic

Naphthenic

Classification

* API gravity =

141.5
𝑆𝐺

− 131.5, where SG is specific gravity of the crude oil at 15.6 °C (60 °F).
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Appendix 10. Rheology data of 5% M-8 in crude oil (SLCO): strain sweep.

104

G'
G''

G', G'' (Pa)

103

102

101
10-2

10-1

100

101

102

Oscillation strain (%)
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Appendix 11. Structure and spectroscopic characterization of sucralose butyrate (SL-4). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)

13

C-NMR spectrum (75 MHz, DMSO-d6) of compound SL-4.
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malick

06-Aug-2012
1::2::6

Exact Mass (g)

sl4 69 (0.698) Cm (67:82)

1: TOF MS ES+
7.67e4

489.0474

100

491.0461

Calculated

Found

M

M + Na

M + Na

466.0564

489.0464

489.0474

%

(d)

493.0429

490.0514

492.0459

484.0903 486.0883

477.2888

0
478

481.2607

480

494.0473
495.0380
495.0654

488.0839
482.2567 485.0937 487.0884

482

484

486

488

490

492

494

496

504.3253

498

500

502

505.0231 507.0194

504

509.2941

512.1191 514.1187

m/z

506

508

510

512

514

(e)
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Appendix 12. Structure and spectroscopic characterization of sucralose pentanoate (SL-5). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)
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malick

06-Aug-2012
1::9::3

Exact Mass (g)

sl5 53 (0.538) Cm (17:93)

1: TOF MS ES+
4.02e5

503.0624

100

Calculated
M

M + Na

M + Na

480.0721

503.0621

503.0624

%

(d)

Found

507.0572

500.1050
508.0606

489.0465
419.0052

0
420

427.2489 441.2993 445.0638

430

440

450

521.0352

465.0681 475.3265 484.0900

460

470

480

490

500

510

520

537.3392 542.1306 550.6295

530

540

550

567.0317575.3911

m/z

560

570

(e)
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Appendix 13. Structure and spectroscopic characterization of sucralose hexanoate (SL-6). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)
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malick

06-Aug-2012
1::5::4

Exact Mass (g)

sl6 79 (0.790) Cm (15:97)
517.0762

100

1: TOF MS ES+
6.19e5

519.0735

Calculated

(d)

Found

M + Na

M + Na

494.0877

517.0777

517.0762

%

M

521.0718

522.0730

512.1219 514.1203

0

487.3609

485

489.0464 491.0439

490

495

503.0618 505.0591

500

505

510

523.1170

515

520

525

533.0529 535.0504
537.0484

530

535

540

559.0073 561.0092

542.1360 550.6294

545

550

555

560

m/z

565

Fig.

Fig. S 1. MS spectrum of compound SL-6.

(e)

174

Appendices

Appendix 14. Structure and spectroscopic characterization of sucralose heptanoate (SL-7). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)
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malick

Exact Mass (g)

sl7 46 (0.465) Cm (41:48)
531.0919

100

Calculated

Found

M

M + Na

M + Na

508.1034

531.0934

531.0919

%

(d)

06-Aug-2012
3::9::9
1: TOF MS ES+
6.53e4

535.0873

536.0887

0
450

459.3294 467.1038 475.3256

460

470

480

526.1357
489.0454

490

503.3514

500

522.5987

510

520

530

537.1932 549.0661

540

550

561.3882 569.3771

560

570

575.3940

580

593.0623

590

599.0795

m/z
600

(e)
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Appendix 15. Structure and spectroscopic characterization of sucralose octanoate (SL-8). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)
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malick

Exact Mass (g)

sl8 53 (0.537) Cm (51:57)
545.1082

100

Calculated

547.1053

Found

M

M + Na

M + Na

522.1190

545.1090

545.1082

%

(d)

06-Aug-2012
1::2::9
1: TOF MS ES+
3.63e4

549.1040

540.1530
550.1059
517.0752 519.0751
521.0712
514.1236

505.1162

0
505

510

515

520

525

535.3199

530

537.3406

535

551.1638

561.0822 563.0811
555.5775

540

545

550

555

560

565.0787

579.3591

581.3660 584.1841 589.0977

575

580

m/z
565

570

585

590

(e)
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Appendix 16. Structure and spectroscopic characterization of sucralose dodecanoate (SL-12). (a)
structure, (b) 1HNMR, (c) 13C-NMR, (d) MS spectrum, and (e) IR spectrum.
(a)

(b)

(c)

13

C-NMR spectrum (75 MHz, DMSO-d6) of compound SL-12.
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malick

Exact Mass (g)

sl12 69 (0.699) Cm (65:79)
603.1705

100

Calculated

601.1714

(d)

06-Aug-2012
2::1::3
1: TOF MS ES+
6.34e4

Found

M + Na

M + Na

578.1816

601.1716

601.1714

%

M

605.1704

606.1703

596.2167

0

617.1485 619.1450

563.1788 572.1286 575.4070 581.3619 591.1696 593.4032

560

565

570

575

580

585

590

595

621.1428

611.3101

600

605

610

615

620

625

633.5102

630

635

640.2468

640

647.4658 649.4701 656.5796

m/z

645

650

655

660

(e)
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Appendix 17. Melting point values of C4 to C12 sucralose-based amphiphiles (SL-4 to SL-12).

Amphiphile

Melting Point Range(°C)

Decomposition Temperature
(°C)

SL-4

104 – 115

126

SL-5

127 – 133

140

SL-6

122 – 124

128

SL-7

137 – 141

144

SL-8

99 – 104

148

SL-12

76 – 80

150

Appendix 18. Elemental analysis results: Calculated and found weight % composition of elements
in the various amphiphiles.

Amphiphile

Molecular Formula

Element

Found

41.09

40.46

H

5.39

5.71

O

30.79

n/a

Cl

22.74

22.18

C

42.38

41.41

H

5.65

5.94

C
SL-4

SL-5

SL-6

SL-7

SL-8

SL-12

C16H25O9Cl3

C17H27O9Cl3

C18H29O9Cl3

C19H31O9Cl3

C20H33O9Cl3

C24H41O9Cl3

Percent Composition (%)
Calculated

O

29.89

n/a

Cl

22.08

21.30

C

43.61

43.44

H

5.90

6.35

O

29.04

n/a

Cl

21.45

19.84

C

44.76

43.22

H

6.13

6.45

O

28.25

n/a

Cl

20.86

19.97

C

45.86

45.11

H

6.35

6.76

O

27.49

n/a

Cl

20.30

19.76

C

49.70

48.73

H

7.13

7.23

O

24.83

n/a

Cl

18.34

17.34

n/a” implies no elemental analysis performed for this element by Atlantic Microlab (Norcross, Georgia).
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Appendix 19. Gelation, minimum gelation concentration (MGC) and gel-to-sol transition
temperature (Tg) results of compounds SL-4 to SL-12.

Solvent

Water

Methanol

Ethanol

Gelation

S

S

S

S

S

I

I

MGC/Tg

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Gelation

G

S

S

S

S

I

I

MGC

2.0

n/a

n/a

n/a

n/a

n/a

n/a

Tg

125

n/a

n/a

n/a

n/a

n/a

n/a

Gelation

G

S

S

S

S

I

I

MGC

1.7

n/a

n/a

n/a

n/a

n/a

n/a

Tg

144

n/a

n/a

n/a

n/a

n/a

n/a

Gelation

G

S

S

S

S

I

I

MGC

1.4

n/a

n/a

n/a

n/a

n/a

n/a

Tg

135

n/a

n/a

n/a

n/a

n/a

n/a

Gelation

I

I

I

I

I

S

S

MGC/Tg

n/a

n/a

n/a

n/a

n/a

n/a

n/a

SL-4

SL-5

SL-6

SL-7

SL-8/
SL-12

Isopropanol Acetonitrile Mineral Oil

Diesel

Gelation Results: G = Gel, S = Sol, I = Insoluble; MGC: units in mg/100 µL; Tg: units in (°C);
“n/a” implies no gel was available for analysis.

182

Appendices

Appendix 20. Picture and optical micrograph of sucralose octanoate (SL-8) fibers. (a) Picture of
a vial containing SL-8 fibers in water and (b) Optical micrographs of SL-8 fibers.
(a)

(a)

2.2 mm

(b1)

(b)

(b2)

2.2 mm
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